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U.S.  ARMY  AVIATION  RESEARCH  AND  DEVELOPMENT  COMMAND 


PREFACE 


This  project  was  accomplished  as  part  of  the  U.S.  Army  Aviation 
Research  and  Development  Command  Manufacturing  Technology  program.  The 
primary  objective  of  this  program  is  to  develop,  on  a  timely  basis, 
manufacturing  processes,  techniques,  and  equipment  for  use  in  production 
of  Army  material.  Comments  are  solicited  on  the  potential  utilization  of 
the  information  contained  herein  as  applied  to  present  and/or  future 
production  programs.  Such  comments  should  be  sent  to:  U.S.  Army  Aviation 
Research  and  Development  Command,  ATTN:  DRDAV-EGX ,  4300  Goodfellow  Blvd. , 
St.  Louis,  MO  63120. 

This  work  described  in  this  report  was  accomplished  under  a  contract 
monitored  by  the  Army  Materials  and  Mechanics  Research  Center.  Technical 
monitor  for  this  contract  was  Dr.  R.J.  Shuford. 


1.0  introduction 


oroDtrii**^*1^* 1 '  c!',m*c*1'  *nd  ultimate  mechanical 
p  operties  of  high  performance  glass  fiber 
rexnforced-composites  are  dependent  on  the  degree  of 
core  and  structure  of  epoxy  matrices.  Ther.for.,  a 
knowledge  of  curing  process  and  composition  of  epoxu 
matrices  is  essential  for  relating  the  properties  of 
composites  to  the  extent  of  the  reaction  and  optimizing 
the  performance.  Several  methods  have  been  developed 

matr^II*  rii!!  contro1  th*  curing  of  .poxy 

.  . r .  ‘  .  These  methods  include  spectroscopy, 

tit  7  scanning  calorimetry,  dielectric  analyst, 

ITT"1*  mechanical  tests.  These  methods  can  be 
used  to  characterize  the  curing  process  during  or  after 
the  fabrication  of  the  cured  epoxy  matrices  to  justify 
reproducibility.  reliability.  and  durability  In 

general.  a  combination  of  these  methods  are  powerful 
techniques  to  analyze  and  control  the  quality  of  epoxy 
matrices  in  fiber-reinforced  composites.  The 
sensitivity,  advantages,  and  selectivity  of  these 

techniques  will  be  reviewed  and  discussed  in  this 

p  m p  ©r . 


2.0  THE  ROLE  OF  EPOXY  MATRICES: 


There  are  three  major  type*  of  epoxy  resins  of 
commercial  * i gni f i canc e :  (a )  ep i c h 1  or ohy dr in-b isph eno 1  A 
(conventional (b)epoxy  novolak,  and  <c)  epoxidized 
polyolefin  resins(l).  The  most  commonly  used  curing 
agents  are  anhydrides  and  amines.  Miscellaneous 
modification*  of  epoxy  systems  are  used  to  meet  the 
specific  performance  requirements.  In  order  to 
optimize  the  performance.  several  factors  must  be 
considered  in  choosing  the  epoxy  resin  for  suitable 
composite  matrices.  These  factors  are  based  on  the 
following  considerations:  < 1 )  processing  requirements 
(Z)  economic  preference  and  (3)  mechanical  performance. 


Processing  requirements  involve  viscosity 
considerations (rheological  behaviors  of  epoxy  resins). 

high  or  low  temperature  cure.  . .etc.  One  of  the 

ways  of  decreasing  the  viscosity  of  an  epoxy  resin  is 
to  add  a  diluent(2>.  Reactive  diluents  are  liquid 
materials  which  have  lower  viscosity  than  the  epoxy 
resin  and  are  assimilated  into  the  resin  network  during 
cure.  Nonreactive  diluents  comprise  materials  which 
don  t  contain  epoxide  groups,  but  which  are  completely 
sorbed  in  the  cured  epoxy  resin  network.  Nonreactive 
diluents  may  usually  be  removed  by  solvent  extraction. 


Since  the  inhomogeneities  observed  in  cured  epoxy 
resins  by  several  workers  appear  to  be  related  to  the 
effectiveness  of  mixing  the  reactants,  Tateosian  and 
Roy er (3 )  reported  an  improvement  in  impact  strength  by 
as  much  as  58X  by  use  of  dynamic  mixing.  J.P.Bell  (4) 
studied  the  effect  of  mixing  on  homogeneity  by  using  an 
electrical  field  to  induce  mixing  of  viscous  fluids  of 
different  conductivity,  and  signif icantly  increased  the 
ultimate  tensile  strength  of  epoxy  resins. 


Another  processing  requirement  is  concerned  with 
the  temperature  of  cure.  For  advanced  fiber 
composites,  the  difference  in  thermal  expansion 
c 0 * f ^ * c * t *  between  the  fiber  and  the  epoxy  matrices 
during  the  high-temperature-cure  cycle  creates  a  very 
serious  problem  such  as  visible  delamination,  or  fiber 
microbuc  k 1 ing.  On  the  other  hand  ,  the  commonly  used 
room  temperature  cured  epoxy  resin*  have  some 
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d isadvantages, 
the  working 
processing. 


such  as  poor  mechanical 
life  is  too  short  to  be 


properties  and 
used  in  composite 


Moore ( 5 )  used  a  particular  amine. 


ch2  -  (—  och2 — ch(ch3  j)  xnh2 

CH^  —  CH2 —  C  —  CH2 —  OCH2  —  CH(CH2)Jy,NH2 


/ 

\ 


ch2—  (— och2  — ch(ch^2Nh_ 


x-f  y+zt5. 3 


and  pure  diglycidyl  ether  of  bisphenol  A  (DER  332 
EPOXY)  to  fabricate  polyether  amine-cured  epoxy 
matrices.  In  spite  of  good  flexibility  and  toughness, 
this  resin  system  has  fairly  well  balanced  mechanical 
properties.  It  can  be  room-temperature-cured  and 
presents  no  problem  in  filament  winding  which  requires 
a  good  epoxy  resin  of  low  viscosity  and  long  workina 
life. 


For  economic  considerations,  sometime  it  is 
necessary  to  consider  energy  savings  as  well  as 
increases  in  productivity,  then  a  fast-curing  epoxy 
system  is  required.  Cordova  chemical<6)  has  developed 
accelerators  that  provide  greater  than  a  six  fold 
advantage  over  tertiary  amines  in  anhydride  cured 
epoxies.  It  should  be  emphasized  that  the  properties 
obtained  with  a  short  cure  (2  hours)  are  the  same  as 
those  properties  previously  requiring  12-24  hours  for 
the  curing  process  with  the  conventional  accelerators. 
Generally  the  lower  the  temperature,  the  slower  the 
reaction.  On  the  other  hand,  the  higher  the 
temperature,  the  greater  the  risk  of  degradation.  For 
production  consideration,  the  optimum  condition  is  the 
shortest  cure  time  which  will  still  assure  a  resin 
matrix  with  the  desired  properties. 
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A  current  problem  with  epoxy  resin  systems  used  in 
continuous  fiber  reinforced  composites  is  their 

shelf-life.  Once  the  resin  is  mixed,  it  must  be  used 

immediately  or  stored  at  low  temperatures  in  the  form 

of  a  prepreg.  Prepregs  must  typically  be  stored  at  -18 
c  and,  at  this  temperature,  they  are  estimated  to 
remain  stable  for  six  months.  The  ideal  system  from  a 
storage  point  of  view  would  be  a  prepreg  which  is 

in  th*  ®-stage  «nd  which 

etains  its  tack  and  drape.  Currently  no  such  ideal 
system  exists.  However,  a  resin  system  which  is  cured 
with  a  sterically  hindered  amine  is  stable  at  room 
temperature  in  the  B-stage  in  a  glassy  state.  Upon 
mixing  at  room  temperature,  the  primary  amine  hydrogens 
react  to  form  a  linear  polymer.  The  secondary  amine 
ydrogens  do  not  react  at  room  temperature  because  theu 
are  much  less  reactive  due  to  the  steric  hindrance  of 
t  e  nearby  methyl  groups.  The  epoxy  resin  does  not 
form  a  thr ee-d iment i onal  structure  until  the  secondary 
amine  hydrogens  react  upon  additional  heating.  Buckleu 
and  Roylance<7)  studied  the  curing  kinetics  of  this 

system  with  FTIR.  The  shelf  Hf.  at  room  temperature 
B-staged  resin  system  is  predicted  to  be  at 
least  three  months  based  on  an  extrapolation  of  the 
experimental  kinetic  data.  P  0f  the 


4  th*r  h*nd'  the  flrowing  use  of  composite 
materials  in  commercial  and  military  equipment  has  led 
to  concern  over  field  repair  or  patching  of  damaged 

ratiri^**'  ,Fl*ld  lwl  repair  has  some  unique 

rJ!!I  !  r!^Ulr*m*ntS  ln  t,rm‘  of  *tor«9«  and  curing 
characteristics.  Since  the  presence  of  freezer  storagS 

space  is  not  guaranteed,  the  resin  used  in  the 

rnnm0*1**  «.  pstch  would  necessarily  require 

room-temperature  stability.  Also,  since  cure 

cu rihll1!!  i#r*4.  V*ry  lifflited'  th«  resin  system  must  be 
curable  at  low  temperatures  and  times(130°C  for  one 

t unit all  Unfortunat*l«'  commercially  available  prepregs 
typically  require  both  freezer  storage  and  higher 

2*3 Donnellan  «"d  Roy  lance  (8)  used 
lin^r  2'B-h*xane  diamine  as  a  hardener  to  form  a 

linear  glassy  prepolymer  at  room  temperature  The 

llll1!  f!ound  —  ct  to  a  partially  cur.d(32*"> 

I  temP»r*ture  and  then  vitrify.  Samples 

a  f?r  *  tw°-month  period  showed  no  advance  to  a 
was' h  ?V!fr#d  *****  Th*  i*°th.rmal  curing  behavior 
with  FTIR*d  10  *  t*mP*r«ture  range  from  100°  to  130°  C 
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H*at  resistance  is  another  requirement  of  the 
•P°*y  matrix.  Several  methods  have  been  pursued  to 
improve  the  Heat-Def 1 ec t i on-Temperature  (thermal 
mechanical  properties).  Lauie(?>  shows  cured  epoxg 
resins  based  on  Bisphenol  S  have  a  considerable 
increase  in  heat  resistance  over  those  based  on 
Bisphenol  A.  The  increased  heat  resistance  results 
from  the  replacement  of  the  i sopr opy 1 i d ene  group  in 
Bisphenol  A  with  the  more  thermally  stable  sulfone 
group.  The  increased  heat  resistance  results  from  the 
replacement  of  the  i sopr opy 1 i dene  group  in  bisphenol  A 
with  the  more  thermally  stable  sulfone  group.  The 
increased  heat  resistance  is  indicated  by  the 

resistance  to  heat  aging*  resistance  to  heat 
deformation  as  well  as  retention  of  strength  at 
elevated  temperature.  The  enhanced  thermal  properties 
of  sulfone  epoxy  are  achieved  in  a  different  way  from 
that  of  the  epoxy  novolacs  which  results  from  an 
increase  in  the  crosslinking  density.  Another  way  of 
improving  the  high  temperature  performance  is  to  add  a 
rigid  structure  in  the  backbone  of  epoxy  resins. 
Polyimides  have  good  high  temperature  performance  and 
e  epoxy  resins  possess  many  desirable  properties  of 
the  aromatic  polyimide  if  it  contains  the  phthalimides 
moiety.  Kaplan(lO)  has  synthesized  some  of  these 
epoxy /imide  resins.  and  demonstrated  good  thermal 

stability.  Another  new  family  of  resins  is  based  on 
the  glycidylated  hydantoin  ring(ll).  Because  of  the 
compact,  polar  heterocyclic  structure  of  the  hydantoin 
ring,  the  heat  distortion  temperature  of  these  resins 
are  significantly  higher  than  comparably  cured 
conventional  epoxies.  With  aromatic  rings  replaced  by 
heterocycles  in  the  structure,  smoke  generation  during 
combustion  has  been  greatly  reduced. 


The  primary  role  of  epoxy  matrices  is  to  transfer 
stress  from  the  fiber  to  the  finished  composites 
Currently  prevailing  epoxy  resins  are  designed  for 
glass  fiber  in  fabricating  composites.  Since  graphite 
fibers  have  a  higher  modulus(5  x  107  )  than  glass 
fibertl  x  107psi>,  it  is  important  to  use  high  strength 
matrices  to  maximize  the  efficient  transfer  of  the 
fiber  strength  to  the  composites.  Moller<12> 
synthesized  a  series  of  pure  epoxy  resins  of  the 
following  structural  types:  diepoxy  bisphenols, 

glycidyl  esters  ,  diepoxy  c y c loa 1 iphat i c s,  acyclic 
bisphenol  ,  diepoxides  and  glycidyl  amines,  then 
correlated  the  mechanical  properties  to  Bisphenol 
diepoxide  structure.  The  glycidyl  glycidate  resins  had 
a  tensile  strength  of  over  20000  psi;  this  is  one  of 
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.  i?h!St  ,Value*  »vtr  reported  for  a  bulk  polymer 
If”*  r,Sln*  can  be  used  in  the  fabrication  of 

hi0iu1!*  flraphite  fiber  reinforced  composites. 
Another  serious  problem  concerned  with  epoxy  matrices 

resin°mP°F1i*M  **  th?ii»ittl*  natur*  of  th«  cured 

strenoth  Mc flarr Y ( 1 3 >  h«*  shown  that  the  impact 

inlnrJ!  ar°'natlC  *Poxy  resins  can  be  improved  by 

incorporating  a  specific  carboxyl  terminated  elastome? 
in  concentrations  of  up  to  10  parts  per  hundred  parts 
of  resins.  A. C.  Soldatos(14)  extended  this 
investigation  to  c y c  1  oa  1  i p hat i c  epoxides,  which  hUve 

re^inO  ?hin?  proP,rti,»'  *nd  9°t  toughened  epoxy 
distortinW1*h0Ut  *lsnif icantly  degrading  the  heat 
distortion  temperature.  Liquid  rubber  can  be  used  to 

oughen  or  flexibilize  epoxy  resins.  The  toughened 
•poxy  resins  show  improved  crack  resistance8  and 

mePch°n  i  impact  strength  with  a  minimun  loss  of 
mechanical  and  thermal  prop ert  ies ( heat  distortion 
temperature).  On  the  other  hand,  the  flexibiliied 
system  are  those  where  the  liquid  rubber  has  reacted 

?J!  I!*51"  *n<1  th*V  *r*  pha»*  systems, 

he  flexibiliztd  system  provides  epoxy  matrices  with 

high  impact  strength,  but  always  accompanied  with  a 
significant  loss  in  th trmil-mtc hani cal  propartias.  Tha 
criterion  for  a  toughened  system  is  that  it 
should  contain  a  dispersed  second  phase,  and  this  phase 
particle  greater  than  about  1000  A  in 
diameter.  The  non-functional  liquid  rubber  that 
contains  no  reactive  groups  to  react  with  epoxy  resins 
wiH  have  higher  fracture  energy  and  will  not  improve 
the  impact  strength.  It(15>  is  generally  accepted  that 
three  criteria  are  necessary  for  toughening  :<1)  proper 
size  of  dispersed  phase  (2)  bonding  between  the 
matrices  and  the  dispersed  rubber  <3)  elastic  character 
lh9  rubber  particles.  A.  R.  Si.bert  <  15)  showed  that 
the  toughest  epoxy  system  are  those  where  the  second 
phase  exists  as  a  bimodal  distribution  of  rubbery 
particles  that  contain  small  particles  with  1000  A 

,???  larfl*  Prides  with  1-3  Kidiemtttr*. 

H. Same j ima ( 16)  reported  a  new  elastomeric  modified 
epoxy  which  gived  a  cured  product  having  superior 
impact  resistance.  A,  shown  in  Figure  1,  the  thermal 
shock  resistance  is  plotted  versus  the  heat  deflection 
temperature  for  polyetherester  (PEE)  modified  epoxy 
resin, and  epoxy  resins  blended  with  the  flexible  epoxy 

l*  °.Ul  that  fl#Xibl*  'P0^  resins  ‘-iH  decrease 
the  HDT  but  improve  the  heat  crack  resistance  value 
On  the  other  hand,  the  toughened  epoxy  resins  improve 
the  heat  crack  resistance  value  without  sacrifice  of 
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Figure  1.  Heat  distortion  temprature  vs. 

Thermal  shock  resistance  value. 


7 


3.0  CALORIMETRIC  ANALYSIS 


Th*  processing  of  epoxy  resins,  such  as 
curing/crosslinking  involves  the  exposure  of  these 
material,  to  various  levels  of  heat  treatment.  The 
physical  and  mechanical  performance  and  the  quality  of 
the  cured  ancles  are  largely  determined  by  the  extent 
Jf_  *'  tJl*  control  of  temperature  d  i  str  i  but  i  on.  and 
the  rate  of  temperature  rise  during  processing 
Moreover,  temperature  variations  during  cure,  whUh 

dlDlTnTnl  d?9r"  °f  CUre  *"  epoXy  r*»in  system, 

rlirlJn^h  f1  .lar9‘  not  only  on  the  heat  of  the 

reaction  but  also  on  the  specific  heat  and  the  thermal 

conductivity  of  the  material  at  different  stages  of  the 
cure  cycle.  These  parameters  can  be  c  harac  ter  i  z  ed  by 
DSC  ,  and  are  essential  for  optimising  product  Quality 
and  processing  condition  considering  the  heat  transfer 


Hi**  Differential  Scanning  Calorimetry,  measures  the 
difference  in  the  rate,  of  heat  absorption  or 

evolution,  by  a  sample  with  respect  to  an  inert 
reference  as  the  temperature  is  raised  at  a  constant 
rate.  On  the  other  hand  ,  Differential  Thermal 

AnaiysxsCDTA)  measures  the  differential  temperature 

caused  by  heat  changes  in  the  sample  DSC  can  be  used 
to  characterize  the  curing  reaction  of  epoxy  resins  in 
the  presence  of  fillers  or  without  it. The  basic 
assumption  made  is  that  the  heat  of  reaction  is 
proportional  to  the  extent  of  the  reaction.  Moreover. 

1*  J*  * that  the  specific  heat  of  th. 
material  either  stays  constant  or  varies  linearly  with 
scanning  temperature  during  a  scan  while  both  the 
temperature  and  degree  of  cur.  change  simultaneously 
These  assumption,  i,  valid  for  simple  reaction,  but  not 

VfU?  fOT  th*  complicated  crosslinking 

reactions  which  occur  in  the  cur.  of  epoxy  resin 
There  are  three  ways(17)  of  measuring  the  extent  of 
curing  in  epoxy  resin.  This  can  be  achieved  by  (1) 

isothermal  operation,  (2)  analysis  of  thermograms  with 

*C?"  rat**  (3>  *c«ns  on  partly  cured  resins, 
or  isothermai  operation,  because  a  short  time  is 
needed  for  th.  sample,  and  the  test  cell  to  heat  up  to 
the  desired  temperature,  the  beginning  portion  of  the 

HiJililhi.4!  l0St'  /h*r*for*'  isothermal  scans  become 
unreliable  for  very  fast  cures.  This  problem  can  be 

solved  by  analysis  of  thermograms  with  different  scan 
...  *  igure  2  shows  a  series  of  thermograms  with 
different  scan  rates  on  a  temperature  axis. 


8 


6  4«_ 

3  2  — 

16 
8 _ 

4  — 
2  _ 

1  _ 

0  .  5 


Figure  2 


" s"  <■’  -  - 


» 


9 


An  isothermal  cur*  curve  can  be  drawn  using  these 
curves.  An  ordinate  at  T  is  drawn  in  each  thermogram. 
The  state  of  the  resin  is  described  by  three 

k  *emP»r**^e<T),  heat  generation  rat* 
dH/dt  >  and  heat  of  reaction(H).  H  is  given  bu  the 

shaded  area,  and  the  total  heat  of  reaction  H_is  given 
y  the  area  enclosed  by  the  complete  curve.  The  eight 
states  shown  in  Figure  2(a)  are  plotted  in  reduced 
forms  as  shown  in  Figure  2(b).  The  integral  of  the 

curve  from  zero  to  H/H^  is  equal  to  the  time  to  reach 
degree  of  cur*  H/Hcat  temperature  T0 .  Therefore,  the 
isothermal  cur*  curve  of  H/He  versus  t  can  be 

constructed.  This  process  can  be  repeated  at  any 

temperature  but  at  temperatures  lower  than  T- in  Figure 
(a  sine*  the  final  part  of  the  cur*  curve  will  be 
missing.  Thus,  at  low  temperature  the  isothermal 
method  gives  reliable  results  while  the  scan  method 
gives  insufficient  data  from  which  to  construct  a 
reliable  curve.  On  the  other  hand,  for  fast  cur*  or 
when  the  curing  temperature  is  too  high,  the 
thermograms  with  different  scan  rates  must  be  used. 
The  third  method  is  to  scan  only  partly  cured  resins 
Each  partly  cured  sample  is  scanned  and  the  area  of  the 
thermogram  gives  the  residual  heat  of  reactions  -H) 
from  which  H  could  be  derived.  This  method  becomes 
useful  when  the  rate  of  heat  evolution  is  too  small  for 
isothermal  detection. 


On  the  other  hand#  characterization  of  the 
kinetics  of  epoxy  resin  curing  reactions  is  not  only 
essential  for  a  better  understanding  of 
structure-property  relationships  but  also  required  for 
determining  the  time-temperature  dependence  of  the 
degree  of  cure.  DSC  has  been  used  by  several  workers 
both  to  monitor  the  state  of  cur*  and  to  determine  the 
kinetic  parameters  of  cur*  of  epoxy  resins  both  in 
isothermal  and  dynamic  modes.  There  are  two 
interrelated  methods  for  analyzing  DSC  curves  of 
crosslinking  reaction  of  epoxy  resins.  The  first 
method  utilizes  a  single  DSC  thermogram  to  evaluate  the 
kinetic  parameters,  such  as  activation  energy(E), 
kinetic  order  of  reaction(n),  and  the  total  heat  of 
r*action(H0),  by  detailed  d  i  f  f  *r  ent  ia  1-integra  1 
analysis  of  the  DSC  thermogram.  The  second  method  uses 
the  multiple  DSC  scan,  obtained  at  various  rates  of 
heating. 
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c.£j;“:TT~  ™ 

d  x/dt=k  ( 1  —  x  )n 

where  dx/dt  is  the  rate  of  reaction,  k  is  th. 
r..ct,on  r.t.  c.n.tant,  ,  i,  th.  ..t.nt  oj  cur.. 

Since  k-A  exp<-E/RT) 

we  can  rewrite  the  equation  as  follows: 
dx/dt-A  exp(-E/RT) <l-x)n 

.  ..  wJ»r»  A  i*  the  frequency  factor,  E  is  the 

:  -  R  *•  th*  8**  constant,  and  T  is  th. 

absolute  temperature.  From  the  assumption  that  thl 
heat  evolved  x*  proportional  to  the  extent  of  reaction: 

x*  H/H  and 

o 

dx/dt=d(H  )/H0dt 

where  H  is  the  partial  heat  of  reaction  which 

™Ix;Vin  dlrect  proportion  to  the  fraction  reacted  x 

tgiS,  *  *  t0t*‘  of  ’•••ction  which  i.  t'0 

the  total  area  under  the  curve.  ^  0 

Combining  the  above  equations  gives: 

dH/dt=A(Hc)exp (-E/RT) (1~H/H0)n 

r»te)InQ^iT/htl"1C  DSC  ^un'  th»  h ..ting  r.t.i  or  .can 
w?i«.n  «  *°  th*‘  th*  ibove  .qua t i on  can  b. 


dH/d  t*A  ( H0/Q )  e  x  p  ( -E/RT )  ( 1  -H/H0  )T 


...  1"hi*  •quation  shows  the  change  of  degree  of  cur* 

with  temperature.  These  calculations  were  extended  hi 

E";  *«'»»•<«?  ,o  *  •*«««  »• 

calculat.  UlV.  n  r1'"'1  th*  nation  to 

P*ram.t.r.  of  th.  .,.t.»  th.» 


^  [E  i»T*  4H  *1 

-H  /  4T  J  *[T  ‘  O^iTo'^J 
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dH/dt  is  the  ordinate  scale  of  a  DSC  curve,  and  it 
i*  converted  through  the  scan  rate  G*dT/dt  to  become 

P*.  ‘lope  ®f  th»  S,  at  temperature  T 

Cl-IlH^hl*'  fr°m  thf  d#finition  **  H/H0,  the  term 
A  Sr  °mIl,qUal  Ho"H  which  *•  the  remaining  area, 
A,  under  the  DSC  curve.  By  making  these  substitutions 

Obtained.  ^-tion,,  the  following  equation  is 

<S/h)TZ-E/R  -nT2(h/A) 

hei0htftr  ev;lu*tin8  the  values  of  slope,  S,  curve 

i  Jlot'of'  (?/^^2maininST2r**  A  at  v*ri°u*  temperature, 
a  plot  of  (S/h )T‘versus  T2(h/A)  will  be  a  straight  line 

"?S*  !l0p*  defines  the  order  of  reaction,  n,  while  the 

T2(h/A)«on  tner8y'  E'  is  obtain*d  from  the  intercept  at 


The  second  method  which  utilizes  multiple  DSC 
•*  v.riou,  scan  rat,,.  t%' '  »  tB 

K.ssingan.MK  Th.  m.thod  a. sum,,  that  th,  r.acjioj 

t!  '“'T.1'  th*  ‘•»P«ratura.  T.  of  a  DSC 

^  th.  T  !  JU*a “**  "*  iH,il  *‘**ins  its  maximum  value 
p___  P*ak  temperature  and  the  slope  S^d^H/  ( dT?2SQ 

,7™.  t^e*.K5aTe  •55umPtions  stated  above,  Kissinger 
obtained  the  following  equation. 


d  (In  3/T  2) 
d  (1/T  ) 


—  or  alternately, 

*  af 


d  In  a 
~~d(l/T) 


-  —  -  2T 

ft 


where  G  is  the  scan  rate  and  T  is  the  peak 
temperature  of  the  DSC  curve.  A  plot  of  In  G  versus 
**V*r*1  DSC  curves  should  be  linear  and  the 

E/R>>2T  It  E'  1*  obtained  *™m  the  slop,  when 

iJailm  •*  ‘h®uld  b*  not*d  that  the  activation  energy 

order^  *d«.by  °Sln9  th*  *bov*  *qu«tion  regardless  Jf 
order  of  reaction  which  is  assumed  to  remain  constant 
throughout  the  reaction.  constant 

^  ..  Ib.  i%  obvious  that  the  kinetic  order(n) 
ac 1 1  vat  1  on  energy(E),  and  heat  of  reaction  of  a  curing 

con itint*n  -11  b*  J*fin,d  u*infl  •  single  DSC  curve  at  l 
*1**  rat*  by  U*infl  th*  *bov*  «quations.  The 

the  *  JffIr^B*V  th*  Ki**in8«r  "*»thod  is  to  evaluate 

the  effects  of  scan  rate  on  the  cur*  kinetics 

In!I  Vi  /  COmbin,d  -n.lysi,  using  th.l.  tlo 

#vtar  *lat,d  ",thods  provides  a  more  comprehensive 

of  u*  «»•«» 


•poxy  resin 
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.  M0,t  ra*earch  on  th«  cure  kinetics  of  epoxu  resin 
system  was  without  f i 1 1 ers < 18-25 > .  Ve^  little 
information  hot  boon  r.port.O  on  .pox! 

tiib,Tvbg  dsc-  p*pp*^<«><2S>  !.,4  s;e“: 

conltoit  lh*  *ctlv»t>°"  onorgy  anO  r. action  rata 
constants  for  soma  apoxy-glaa.  fibar  compo.ita.  Tha 

0 aoanrf  f  on  th*  tuning  bahavior  uai  found  to 

depand  on  tha  tpacific  fillar  and  polumar  tuatam 
Dutt.  and  Ryan <27 >  u„d  DSC  to  invattigaS,  *thl  lff.it 

iL.ivbo"  bi*c‘  *nd  *  *uic*  ««>•>• 

kinetics  of  a  model  epoxy  resin  cure* 
.t.ichiomatric.ny  with  an  aromatic  diamin.  ¥h« 

o^daJ  !k  fU1,r  a°**  not  tignificantly  affact  tha 

t  °  th*  reaction  but  does  influence  the  reaction 

kinltir1*  *JpMr*  *hat  th*  carbon  black  fillers  affect 
fifto^  I***  co"*tants  through  the  Arrhenius  frequency 
factor,  whereas  the  surf «c e-treated  silicas  influencJ 

enlra!1"*^  si'll  <  _£°"‘tant*  throu8h  the  activation 
llllV ,  * * ith(28)  used  DSC  to  evaluate  cure  and 

hilt  I  °^.*pox«  Pr*Pr*3*'  and  correlate  the  total 

heat  of  reaction  to  resin  flow  to  predict  the 
processing  c harac ter i st ic s.  «°icr  the 


The  most  serious  prcblem<29>  with  DSC  is  the 

ThiUbI«*?t  °f  an  #^Curate  k"owledge  of  the  base  line 
lid  in*‘  *1!  alwa«‘  tak»"  at  locations  preceding 

tiiuld  i  r1"9.  the  axotherm-  However,  the  base  HneJ 
should  take  into  account  the  change  in  heat  capacity  of 

sihn.  rt°  /*‘in  compared  to  starting  material* 

Schneider  and  Cillham<29>  have  studied  the  curing 
behaviors  of  two  dicy-containing  epoxy  resin  ! 

shown  in  Figure  3,  the  DSC  scan  of  epoxy  resins  that 
consist  of  DGEBA( diglycidyl-ether  of  bisph^nJl  1) 

**  curinA  afl*nt  The  basel  ine  which 
tho  #nt*  th*  *can  of  the  cured  resin,  is  lower  than 
the  uncured  resin  at  the  starting  point,  then  undergoes 

an  upward  endothermal  shift  at  the  glass  transition 

tlTlltt Ur9l107  C)  a"d  *ta«  a*»ove  the  initial  sca^  fii 
JrJd^JJ  tamparatur»-  Therefore,  it  is  impossible  to 
tl  Jit  *1"  *CCUTa!*  axtraP°lation  from  the  cure  curve 
ll  til  t  correct  baseline.  If  the  base  line  is  taken 

I^d  t°  th*  DSC  curv*  at  a  location  preceding 

ii  71  Jii/rnflnn  ti  ex;jherr  then  the  heat  °f  ^-ctioJ 

*  7lnllW*-  Pn  th*  other  h*nd,  if  the  extrapolation 
is  done  as  shown,  by  the  portion  of  the  curve  between 

the  arrows,  the  value  obtained  is  91  cal/g,  which  is 
very  close  to  the  result  obtained  by  isothermal  curing 
runs  at  higher  temperature.  It  is  obvious  that  the 
results  are  quite  different  with  different  baselines. 
Since  it  is  impossible  to  get  a  correct  baseline,  only 
an  approximation  of  the  heat  of  reaction  can  be 
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®  ,  )  DS£  ffan  °f  TCsin  1  showing  curr  curve  and  various 

baschnes.  Full  runes,  scan  of  cured  and  uncured  resin,  dolled 
curve,  scan  with  empty  sample  iclls,  chain  curve,  tangent  to 
cure  peak  Arrows  indicate  extiapolation  of  cure  curve  to 
baseline  represented  by  scan  of  cured  resin. 
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obtained  from  the  .canning  runs.  in  other  cases  where 

5sssr“  ::  r;i,;r 

m.thylenedianilineJ^'u  showl^ma jor  .xo^erm^^e^l 

a  “f sJ^r £■  .rvT;":;  ^r” 

ove  260  C  arises  from  sample  degradation.  It  is 
obvious  that  any  determination  based  on  the  tangent 
base  lines  rather  than  from  the  baseline  produced  by 
rescan  of  the  cured  epoxy  resin  will  be  in  error  ThJ 
problem  of  estimating  the  conversion  is  even  more 

complicated  in  this  case.  It  involves  the  resolution 
estimi*  ,<  l0"er  temperature  exotherms.  J.  F.  Sprouse 

c  ur  inn  ^rea  i  on  °t  r**"tion  enuring  in  the  second 

rr  flFirernesuiie  innmmnt 

ther;:jue  ::^::;ntfri: 

tllin  C!nT  fTOm  FTIR  r*‘ult*  and  calculated  the 
°  Ieactlon  from  th*  lower  limit-  and  got  20 
kcal/mole.  Compared  with  the  results  from  the 

iterature,  which  has  a  value  of  26  kcal/mole,  it 
implies  that  the  area  from  th.  DSC  curvl  for 
calculating  the  percent  conversion  could  lead  to  the 

t  e  deviati  ion  of  the  DSC  results  is  about  17.. 


Compared  with  DSC,  DTA(30)  is  seldom  used  in  the 
°f  ,*po*v  T*es ins .  It  was  shown  that  there  is  a 
temoe^r  *  n  b*t‘*'een  the  flection  time  and  the 

on  D?I  cu^e/0r^‘PS;linfl  t0  th*  PMk  0f  thc  ** oth.rm 
sCffi^ilntT  T  *  ?T  method  P*rmitted  a  rapid  and 

lllru  i  W-  *CC”r*te  estimate  of  gelation  time  of 
•poxy  resin  in  a  broad  temperature  range. 

Isotherma 1  DSC  provides  the  heat  output  as  a 

reaction  °  wtlme'  r*Pr***nting  directly  the  rate  of  the 
im>la  \i  Hou"ver'  th*  information  provided  by  this 

0l\mr  lltUe  ln5iflht  int0  th*  chemical 
mechanism  of  the  curing  process  and  the  chemistry  of 

cure.  ¥ 
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Figure  4  .  DSC  scans  of  resin  II  (see  tcxti .  Healing  rale  5°C/nnu 
320  to  600°  K,  often  10  meal/s ,  sample  wt  13.1  mg 
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4 .  o  dynamical  mechanical  tests 


On»  of  the  most  important  factors  affectina  tha 
proc.„in,  of  th,  epoxy  resin.  i,  '  Whin 

gelation  begins,  the  viscosity  of  the  system  rises 
exponentially  and  has  a  remarkable  effect  on  the 
processing  such  as  injection  molding  or  auto-claving 
A  typical  method  for  determining  time  to  gelation  is  bu 
\  as™'3>>  t..t.  which  u  11°:,,“ 

^  vi*C0*it*J-  A  schematic  representation  for 

the  c«r»  behavior  of  an  epoxy  system  is  shown  in  Figure 
*  ,  * viscosity  measurement.  Jnly 

rutlllu  "!  th!  liq°id  ‘tat*  Character  i  z  at  ion  of  th* 
mechanica^techniques.  ******  C#"  be  mad*  with  dynamic 


Torsional  Braid  Analy s i s ( TBA) ,  *  dynamical 
mechanicai  technique<30>,  involving  an  adaptation  of 
the  torsional  pendulum  with  a  freehanging  composite 
specimen  consists  of  a  multifi lamented  glass  braid  and 
Hi  P°*y  system.  With  this  technique,  we  can  measure 
the  change  in  rigidity  and  damping  in  the  reactino 
system  throughout  the  cure,  and  study  transitions 
during  cure,  cure  kinetics,  and  activation  energy 


with  physical  transitions  are  usually  observable 

with  TBA  as  cure  proceeds  i sothermal 1 y .  The  first, 
gelation,  corresponds  to  a  transition  from  linear  or 

Iitlif*l«lirul!!rt0  *"  "*t»orh.  Th.  second, 

rull.nn  J  corresponds  to  e  tren.ition  from  e 

IllllllnilS  J  V  ,t,t'  E*ch  of  these  Phenomene  is 

i“  IllhllilW""****  ‘I  *"d  <>U  «  "exldu-n, 

in  mechanical  damping.  There  exist  two  critical 

I!III*™;inIII?II*tr**  Ih,‘*  *r*  T<«~>  “*•  ••«*•«« 

glass  transition  temperature)  and  T<gg)  (the  glass 

JTSIml.  «•  point,”  A.  IIIwI  h” 

)•  till  1*1  °nlw  5*latl0n  i*  Observed, if  T(cure)>T(g_ 
t'(o  t? »l«tion  and  vitrification  are  observed,  if 

ifflT?curI)OrUo^T<fl?K  •  °niy  vitrification  is  observed. 
rh*nin«-  >rr<8?>‘  Thl*  ‘nform*tion  is  related  to  the 
cure  of  th-  chanflt*  wf»ich  occur  during  the  complete 

process  ino*  A 1*  I!*1"  T*  °‘eful  in  ^^posite 

interpretation**  in  Fl8Ur*  6’  *  *«“•» 
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Figure  5. 


Figure  6 .  '  Relative  rigidity  and  damping  runes  vs  time  for  the 

reaction  of  resin  I  at  WO°C. 
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A  number  of  studies (32—34, 29)  have  been  reported 
on  the  curing  behavior  of  epoxy  resins  employing  TBA. 
Quite  a  few  of  the  studies  are  concerned  with  mixture 
of  fiber  and  epoxy.  J.  K.  Ci 1 lham(33>  used  TBA  to  study 
the  prepreg  material  consisting  of  epoxy  resin  on  glass 
fiber*  carbon  fiber*  or  aramid  fiber*  and  measured 
gelation  and  vi tr i f icat i on  times  as  a  function  of 
temperature.  The  study  has  shown  that  substantial ly 
all  of  the  information  concerning  the  curing  behavior 
of  epoxy  resins*  which  has  been  obtained  by  TBA,  can 
also  be  obtained  on  the  prepreg  material  directly.  The 
only  difference  is  a  marked  weakening  of  the  gelation 
mechanical  damping  peak  in  the  prepreg  material.  In 
spite  of  its  weak  intensity,  the  gel  points  still  can 
b*  con*tructed  very  accurately  to  determine  the 
activation  energy  by  plotting  an  Arrhenius  equation 
over  a  wide  range  of  temperature.  It  is  obvious  that 
the  filler  does  not  affect  the  behavior  significantly 
nor  does  it  interfere  with  the  results  under  study. 


In  addition  to  torsional  braid  analysis*  there  are 
other  similar  techniques.  W.  J.  Mac  knight  (36)  used 
dynamic  spring  analysis  to  study  the  curing  behavior  of 
two  commercially  formulated  epoxy  resins.  It  is 
demonstrated  that  this  supported  viscoelastic  technique 
is  suitable  for  the  determination  of  the  onset  of 
gelation  but  the  method  is  not  useful  for  studying 
later  stages  of  reaction  when  the  resins  become  more 
rigid.  I .  J.  Co  1 d f ar b ( 37 )  studied  the  curing  behavior 
with  torsion  impregnated  cloth  analysis.  This  method 
used  glass  cloth  as  a  resin  support,  monitoring  the 
dynamic  mechanical  properties  of  resins  during  the 
curing  process.  In  spite  of  the  similarity  between  TBA 
and  this  technique  there  are  some  differences  between 
these  two  techniques.  Torsional  Impregnated  Cloth 
Analysis  (TICA)  has  some  advantages  over  TBA.  Its 
frequency  of  measurement  is  constant,  and  the  frequency 
c*n  also  be  varied  to  study  the  frequency  effect  on 
transition.  In  TBA,  the  resin  impregnated  braid  is  set 
in  free  oscillatory  motion  and  its  damping  decay 
characteristic  is  recorded.  The  frequency  of 
oscillation  can  be  related  to  the  storage  modulus(G/) 
of  the  resin  while  the  log  of  the  amplitude  decrement 
is  proportional  to  the  tan  ©  (where  ©  is  phase  angle 
between  stress  and  strain).  On  the  other  hand,  in  the 
TICA  experiment  the  cloth  undergoes  an  oscillatory 
strain  at  a  fixed  frequency,  and  the  resultant  torque 
is  analyzed  by  a  frequency  response  analyser  to  give 
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i;:pha,#  and  out-of-phas#  component 
amplitude*.  The  result*  obtained  from  TICA  ere  not 

v*iue*'  *nd  have  the  advantage  over  the  TBA  in 
that  the  frequency  of  mea*urement  i*  constant.  The 
frequency  can  be  varied  to  *tudy  the  frequency  effect 
on  the  transitions.  Another  advantage  is  that  in  TBA 
the  rigidity  may  be  influenced  by  substrate-resin 
interactions^8*  ,  while  in  TICA  the  in-phase  and 
out-of-phase  components  are  measured  directly,  so  the 

co^id.«JgUlU‘  tT*n*Ui°"  >•  ‘-"tifi.d  „.r. 

Tung  and  Dyne*<3?)  used  a  visco-elastic  tester  to 
perform  the  dynamical  test.  Since  a  disadvantage  of 
„*1*  *l"d  ?  dy?*mical  mechanical  approach  is  that 
gelation  is  not  clearly  observed,  they  described  a 
method  for  determining  the  gel  time  of  epoxy  resins 
from  dynamic  viscoelastic  data,  which  is  based  on  the 
crossover  of  the  dynamic  storage  G' and  loss  GT  moduli 
measured  during  isothermal  curing.  As  shown  in  Figure 
*  dynamic  mechanical  properties  of  the  171°  C 
isothermal  cure  of  a  dicycross 1  inked  epoxy  resin.  The 
two  modulus  curves  intersect,  i.  e.  ,  or  tan  0  «i) 

min^  Jt  found,  however,  that  the  time  to 

II*  moduJut  crossover  pointCtan  0  -l )  coincides 
*£*  IV  tlm*  as  mea5ured  by  the  standard  gel  time 
te,t- .  Furth»r  • *amp 1 es  of  this  correlation  are  shown 
in  Figure  8  for  a  variety  of  crosslinking  systems 
varying  widely  in  gel  time.  This  correlation  suggests 
a  loss  tangentttan  ©  )  of  unity  at  the  gel  point.  Loss 

tangent,  being  the  ratio  of  energy  lost  to  energy 

stored  in  a  cyclic  deformation  (tan  0  /  d),  measures 

the  relative  contribution  of  elasticity  and  viscosity 

•p°xy  *y *tem.  Tan  0  of  a  viscous  liquid  should 
therefor*  be  greater  than  1,  while  that  of  an  elastic 

solid  should  be  less  than  1.  When  the  cur*  temperature 

*  *bov*  T(gg)  .resin  system  proceed  from  a  viscous 
1 lquid  through  gelation  to  elastic  solid.  Under  these 
conditions,  tan  0  of  gelation,  the  transition  state 
between  viscous  liquid  and  elastic  solid,  would  be 
expected  to  be  equal  to  1.  As  demonstrated  by  Tung  and 
Dynes,  this  method  is  more  precis*  and  free  of 
operation  error  than  the  conventional  method  in  the 
® * v#rmi nat i on  of  times  of  epoxy  resin. 


Another  application  of  dynamic  mechanical  test  is 
the  characterization  of  cured  composites.  The  useful 
information  can  be  obtained  is  the  glass  transition 
temperature.  As  demonstrated  by  Katherine  E. 
Reed(40),the  most  interesting  observation  was  the 
appearance  of  an  additional  damping  peak  above  the 
glass  transition  temperature  of  the  matrix  resin. 
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Ai*o,  as  the  fiber  direction  was  changad  from 
tran,v.rsa(90  )  to  1 ong i tud ina 1 ( 0^  >,  tha  tJansition 
rag  ion  broadened  and  tha  changa  in  frequency  ovar  this 
tamp.ratura  ranga  axhibitad  a  maximum  at  interm.diata 
angias.  This  phanomanon  is  associatad  with  the  unique 
rasin  layar  in  tha  intarfaca  which  has  baan  astimatad 
to  comprise  roughly  0.1  X  of  tha  total  rasin  in  tha 
composite,  assuming  thicknass  on  tha  ordar  of  100 
Angstroms  Tha  structura  of  this  intarfacial  ragion  is 
diffarant  from  that  farthar  away.  * 


Dynamic  machanical  tasts  can  ba  used  to  datect 
gelation  and  vitrification  that  are  the  the  keu 
parameters  which  describe  tha  curing  behavior.  Thau 
are  useful  in  prepreg  technology  and 
processing.  However,  dynamical  mechanical 
not  provide  tha  necessary  information  about 
chemistry  and  curing  mechanism 


composita 
tasts  can 
the  curing 


5.0  SPECTROSCOPY 


5.1  Introduction; 

Introduction:  Infrared  spectroscopy  has  long  bean 

recognized  as  a  powerful  tool  for  monitoring  the^uring 

it  iv  ch*r!Kt#ri^ th*  cur*d  #po,ty  e®*po»it.». 

infr 11.*  V  °"  absorp t ion  of  radiation  in  tha 

litZVl  fr#2u*nc«  due  to  tha  molecular 

do  lumen °r k  V'  function*1  S^oups  contained  in  the 

polymer  chain.  Prior  to  FT-IR,  infrared  spectroscopy 

oJi«m!rri*d  out.u‘lnS  *  dispersive  instrument  utilizing 
?nJrIn./r  r*!1"8*  t0  fl*°m*trically  disparsa  th! 
dispersed  rid!**10"'  U*lnfl  *  scanning  mechanism,  tha 
iso  a*;:*\l!dl:tl0n  1%  P*‘*#d  ov#r  •  *lit  system  which 
il  IV  t  fr*<l«*ncy  ranga  falling  on  tha  detector 
In  this  manner,  the  spectrum,  that  is,  tha  energy 
transmitted  through  a  sample  as  a  functon  of  frequencj 
is  obtained.  This  infrared  method  is  highly  limited  in 

Will  b*cau‘*  mott  of  th»  available  energy  is 

being  thrown  away,  i. a. ,  doa.  not  fall  on  tha  op.n 

V'l F°r  PolV«*^  analysis,  whar*  the  band.  !ra 
generally  broad  and  weak,  this  energy  limitation  is 

V'l" V  **Vfr*  H*nc*'  t0  improve  tha  sensitivity 
111  iZVtl  *p*ctr°‘c°PV'  PTIR  was  developed,  whicZ 

:!!“  ;s:  :":iion  °f  *n  °f  **• 
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5.2 

Fouri.r  Transform  Infrared  Spectroscopy  — description  of 


Fourier  Transform  Spectroscopy  uses  the  Michelson 
interferometer  rather  than  the  conventional  grating 
instruments.  The  Michelson  interferometer  has  two 
mutually  perpendicular  arms.  One  arms  of  the 
interferometer  contains  a  stationary,  plane  mirror; 
the  other  arm  contains  a  movable  mirror.  Bisecting  the 
two  arms  is  a  beamsplitter  which  splits  the  source  beam 
into  two  equal  beams.  These  two  light  beams  travel 
down  their  respective  arms  of  the  interferometer  and 
are  reflected  back  to  the  beam  splitter  and  on  to  the 
detector.  The  two  reunited  beams  will  interfere 
constructively  or  destructively,  depending  on  the 
relationship  between  their  path  d if ference< x >  and  the 
wavelengths  of  light.  When  the  movable  mirror  and  the 
stationary  mirror  are  positioned  the  same  distance  from 
the  beam  splitter  in  their  respective  arms  of  the 
interferometer,  the  paths  of  the  light  beams  are 

identical.  Under  these  conditions  all  wavelengths  of 
the  radiation  striking  the  beam  splitter  after 
reflection  add  coherently  to  produce  a  maximum  flux  at 
the  detector  and  generate  what  is  known  as  the  center 
burst.  As  the  movable  mirror  is  displaced  from  this 
point,  the  path  length  in  that  arm  of  the 
interferometer  is  changed  This  difference  in  path 
length  causes  each  wavelength  of  source  radiation  to 
destructively  interfere  with  itself  at  the  beam 
splitter.  The  resulting  flux  at  the  detector,  which  is 
the  sum  of  the  fluxes  for  each  of  the  individual 
wavelengths.  rapidly  decreases  with  mirror 

displacement.  By  sampling  the  flux  at  the  detector, 
one  obtains  an  inter ferogram.  For  a  monochromatic 
source  of  frequency  v,  the  interf erogram  is  given  by 
the  expression  :  * 


I(x)»2R(v)T<v)I<v) (lfcoi  2*vx> 


where  R(v)  is  the  reflectance  of  the  beam 

t,T!V!  f*  th*  transmittance  of  the  beam 
splitter,  I<v)  is  the  input  energy  at  frequency  v  and  x 
is  the  path  difference.  The  interf erogram  consists  of 
two  parts,  a  constant(DC)  component  equal  to  2 
R  v)T(v)I<v)  and  modulated  (AC)  component.  The  AC 
component  is  called  the  interf erogram  and  is  given  by 


I ( x ) «2R <v)T<v) I (v)cos  2;tv x . 


An  infrared  detector  and  AC— amplifier 
this  flux  into  an  electrical  signal 


converts 
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v(x)=Re  I(x)  volts 


where  Re  is 
amp  1  if ier. 


the  response  of  the  detector  end 


For  highest  accuracy  in  the  digitized  signal,  the 
maximum  intensity  in  an  inter ferogram  should  match  as 
closely  as  possible  the  maximum  input  voltage  of  the 
analog/digital  converter  (ADC).  The  noise  must  also  be 
given  at  least  four  or  five  units,  so  the  computer  word 
length  in  FT-IR  spectrometers  is  16<or  32  in  double 
precision),  20  and  24  bits.  Gr i f f i th s (41 )  gives  the 
example  of  measuring  the  spectrum  of  a  continuous 
source  whose  intensity  is  uniform  from  4000  to  400  cm-1 
and  zero  outside  this  band.  The  signal-to-noise  ratio 

r*lated  to  th«  siflnal-to-noise 
ratio  of  the  inter  ferogram  (S/N^by 


(S/N). 


S/N) 


where  li  is  the  number  of  resolution  elements.  So 
“ant  *°  m*asur*  th*  *P*ctrum  with  a  <S/N)  =500  at 


resolution  1  cm”' (M=3600) 


in 


...  -  *  single  scan,  b it  can 

readily  be  seen  that  (S/N)r-3  x  lO^and  the  full  dynamic 
range  of  a  15-bit  ADC  (215)  is  only  large  enough  to 
adequately  digitize  the  signal.  If  (S/N^were  any 
greater  than  30000  the  noise  level  in  the  digitized 
intorforog™.  is  set  by  the  least  significant  bit  of 
the  ADC  rather  than  by  detector  noise.  For  this 
reason,  minicomputer  with  a  wordlength  as  large  as  20 
bits  are  required  so  that  a  reasonable  number  of  scans 
can  be  signal  averaged. 


The  interferogram  for  a  polychromatic  source  A(v) 
is  given  by 

+00  f 

I  <  x  )*£a(v><  14-cos  2trvx 

The  methods  of  evaluating  these  integrals  involve 
a  determination  of  the  values  at  zero-path  length  and 
very  long  or  infinite  path  length.  At  zero  difference 


r 

I <  X  >*2  |A( v) dv 
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and  for  large  path  differences 

Jr+OO 

A ( v )  =I(0)/2 
-00 


so  the  actual  inter ferogram  F(x)  is 
F  (  x  >*I  (  x  >-I  <DO)«  A(v)cos  2VPvx)dv 
From  Fo^i*r  transform  theory 


r 

A(v)«2|F(x)  cos(2TVx)dx 

J  _oo 

m  ThlS  Fouri*r  transform  process  was  well  known  to 

J  ?  fnd  t.hi5  P**r*  but  the  computational 

difficulty  of  making  the  transf ormation  limited  the 
application  of  this  powerful  interferometric  technique 
to  spectroscopy.  An  important  advance  was  made  with 
the  discovery  of  the  fast  Fourier  transform  algorithm 

the  Jilid  #  #y<!2>-  Th*  US*  °f  th*  FFT  r *vi ved 
,1?  •  ld  °f  *P*ctroscopy  using  interferometers  by 
allowing  the  calculation  of  the  Fourier  transform  to  be 

th!  !lS  !Ut  r*p*dlv  Th*  essence  of  the  technique  is 
and  l".the  number  of  computer  multiplications 

evaluation10"*  "  d-t-  point*  The  normal  computer 

require*  n(n-l)  additions  and 

!  S'11  whereas  the  FFT  method  r equir es  ( n  1  og5n  ) 

additions  and  multiplications.  If  we  have  a  4096-point 
ia  to  Fourier  transform,  it  would  require  (4096J2or 

16  7  million  multiplications.  The  FFT  allows  us  to 

•  !hl*  t0  <4096)xlog2  (4096)  or  49152 

multiplications,  a  saving  of  a  faftor  of  341  in  time 

data  points39*  a  th*  FFT  incr*a*e  with  th*  number  of 
Je^uiJ!J  for  computers  have  improved  the  time 

equired  for  a  Fourier  transform  has  reduced  until 
currently  the  transformation  can  be  carried  out  in  less 

spectra  c^Ch°d  V**?  /a5t  *rr*w  Pr°c**sers,  thus  the 
pectra  can  be  calculated  during  the  return  of  the 
moving  mirror  if  desired.  * 


However,  it  is  to  be  noted  that  the  Fourier 
transform  integrals  have  infinite  limits  while  the 
optical  path  difference  are  finite  so  modifications  or 
approximations  must  be  made.  We  will  use  the 
pproxi mation  of  the  limits  between  -L  and  L  where  L  is 
the  maximum  distance  of  the  mirror  drive.  So 

S ( v ) *2 1 F ( x ) cos2*vxdx 


2  f  F  (  x 
L 
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wh»r»  S(v)  is  used  to  indicate  that  we  are 
approximating  the  Fourier  transform.  It  is  of  interest 
to  examine  the  effect  of  this  finite  optical  path 
length  approximation  on  the  S(v  )  of  an  incident 
monochromatic  source  of  wavelength  v  The 
interf erogram  for  this  source  is  K 


F(x)»A(vk)cos  2*vk x 

where  A(v^  1  i*  the  amplitude  of  the 
intensity.  Making  the  substitution,  we  obtain 

S  ( vK,=2jA(vK>C0*  (2^/kx)  cos  <27fvx)dx 

and  after  the  transf ormat i on  one  obtains 


light 


S( VK  >*A< v  >2Lsinc  2^(vK-v)L 


where  the  sine  function  of  y  is  sin  y/y  This 
function  represents  the  instrument  line  shape  of  a 
Michelson  inter f erogram.  Obviously.  this  instrument 
line  shape  is  not  satisfactory  because  of  the  strong 
side  lobes.  These  side  lobes  can  be  removed  by 
apodi zation.  Apodization  is  carried  out  by  multiplying 
the  interf erogram  by  a  function  H(x>, 

Fourier  interfer ogram  is  transformed.  Thus; 

S(v)*2JF(x)  H  (  x )  cos  <27Evx)dx 

-L 

A  variety  of  apodization  f unc t i ons ( 43, 44) 
been  examined.  Triangular  apodization  has 
following  form: 


before  the 


have 

the 


H(x)*l-lx/LI  if  x<L  and  zero  otherwise. 

Again  for  a  monochromatic  source,  we  have 

/■•too 

S(v)»2jA(vK>  (l-l^-i  >cos<2rtvKx)cos<2*v  x)dx 
J  -co 

Note  that  the  integration  limits  could  now  be 
changed  to  plus  and  minus  infinity  without  changing  the 
result,  because  the  integrand  is  zero  outside  of  the 
range  -L  x  L,  integration  yields 

S(v)«A(v^>  L  sin2(v^-V)L 


A  summary  of  the  effects  of  apodization  has  been 
given  and  recommendations (43)  made  for  the  appropriate 
apodization  function  for  quantitative  infrared 
measurements.  There  are  a  number  of  other  problems 
such  as  phase  correction  arising  from  the  fact  that  in 


26 


practice,  the  radiation  undergoes  phase  shifts  due  to 
beamsplitter  characteristics,  signal  processing  delays, 
refraction  effects  in  materials  and  so  forth.  Several 
techniques  have  been  developed  which  allow  appropriate 
corrections  to  be  made  for  these  *ff*cts<46). 

The  advantages  of  FT-IR  over  grating  infrared 
arises  from  several  sources.  For  measurements  taken  at 
equal  resolution  and  for  equal  measurement  time  with 
the  same  detector  and  optical  throughput,  the 
s 1 gnal-to-no i se (S/N)  of  spectra  from  an  FT-IR  will  be  M 
imes  greater  than  on  a  grating  instrument  where  M  is 
the  number  of  resolution  elements  being  examined  during 
the  measurement.  Alternately,  for  a  given  observation 
time,  it  is  possible  to  repeat  the  FT-IR  measurement  M 
times  which  increases  the  signal  by  a  factor  of  M  and 
the  noise  by  a  factor  of  [1^2.  to  achieve  a  S/N 

enhancement  of  a  factor  of  M  <2,  This  advantage  arises 
from  the  fact  that  the  FT-IR  spectrometer  examines  the 
entire  spectrum  in  the  same  period  of  time  required  for 
a  dispersive  instrument  to  examine  a  single  spectral 
element.  Theoretically,  an  FT-IR  can  acquire  the 

spectrum  with  the  same  S/N  from  0  to  4000  cnT'with  1-cm 
resolution  4000  times  faster  than  a  dispersive 

instrument.  Or  from  another  point  of  view,  for  the 

same  measurement  time  a  factor  of  approximately  63 
increase  in  S/N  can  be  achieved  on  the  FT-IR 

instrument.  Therefore,  when  there  is  a  limited  time 
for  measurement,  there  is  a  definite  time  advantage  for 
the  FT-IR.  When  time  of  measurement  is  not  an 

important  consideration,  the  time  can  be  used  to 

™  "l™  n^th  FT"IR  t0  Slflnal  «nd  increase 

the  S/N.  Of  course,  there  is  also  the  inherent  time 
advantage  associated  with  rapid  scanning  FT-IR  since  it 
requires  a  very  short  time  to  obtain  the  complete 
spectra (1.5  sec).  This  time  advantage  of  the  FT-IR  has 
been  particularly  important  for  the  study  of  the  curing 
reaction  of  epoxy  resins  and  degradation  process  and 
othtr  t im*-d*p*nd*nt  process**  of  epoxy  resin. 


Another  advantage  of  FT-IR  comes  from  the  fact 

o*  «n  FT-IR  instrument  are 
internally  calibrated  by  a  laser  whereas  conventional 

??*  **hlbl*  drifts  when  changes  in  alignment 
!CC^-  Thl*  Advantage  is  particularly  useful  for 
coaddition  of  spectra  to  signal  average  since  the 
frequency  accuracy  is  a  requirement  in  this  case.  For 
the  absorbance  subtraction  technique  to  be  useful  for 
•poxy  resins  examined  over  a  period  of  time  such  as 
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r.producibilitg  of  th.  fr.qu.ncu  tint  L  biU‘r*K •  *"* 
bv  FTIR  lnstrum.nt  oy.r  th.  lo^  b*  *C,,1,V“ 

F;;,R.;3.r  *%  * 

*A«ir  conv*rt*d  °° 

.niKi  "T  r*°" 

resolution  with  .n  FT-IR  instruct,  th.  b«°c  JJI^n 
i*  only  slightly  modified  while  fo-  !  d**lBn 

Thi«TU?*nt  diff.r.nt  optic.l  co.pon.nt,  .J. 

»b,orpt!oni"P^.*nJ;„«r*i„‘ntjr*I  “h'r'  int,rf*’-i"» 

n.ar-IR  M)  v^'  us.lCl  !!  TJ!?''  th» 

cont.nt  at  4535  cn,  hgdro.yl  tont.nrir27Bi%n>*P°,U 


5.3  Quantitative  Infrared  Measurements: 

IR  methods 


Quantitative 
Beer-Lambert  Law. 


are 


based 


on 


the 


pathlength.  E  is  th.  e.UncUon  coif^ci^t.  Ti  "tV 

u*ljjjitiof  /ny,  muit*comp°"*nJ 

.P.ctrum  o,  that ’material  2“  H??*  ”  th« 

Th.  .ntir.  PTOC.:.  ‘J.  »pa%aj:;*i'?:p°j;n*  *p*rr* 
calculation  of  the  „u*hll *ted  into  three  steps. 

identification  of  each  of  thS!I  °f-  *P#C1*‘  Pr«*«nt. 
fitting  of  th.  ,DI  a  ,  *P*cies.  and  a  suitable 

of  composites.  The  factor  anal*  *P*C»**  to  the  spectra 
in  ““-I  *T.  os.ful 

distinguish. bl«  co.pon.nt.  £ "h.  £*::nI”,Cop*«1,» 


5.4  Factor  Analysis  of  Mixture: 


prop  erty  *°as  ^i^linla/*  b*!*f  °P°n  **Pressing  a 

of  mul tidimensional  problem*  Th#  t»rh  *  variety 
applied  to  infrared  and  »am*  technique  has  been 
to  FT-IR  sp.tt^r  *"  ‘"'‘TO  ond  „o.t  r.c.ntly 
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Th»  Beei  Lambert  law  can  be  written  for  a  number 
of  component*  over  a  wave  length  range  as: 

‘  f  ej  eij 


where  A  is  the  absorbance  spectrum  of  mixture  i,  cj 
i*  the  absorptivity  for  the  jth  component,  and  c^is  the 
concentration  of  component  j  in  mixture  i.  ^Factor 
analysis  is  concerned  with  a  matrix  of  data  points.  So 
in  matrix  notation  we  can  write  the  absorbance  spectra 
of  a  number  of  solutions  as: 

A*EC  where  A  is  a  normalized  absorbance  matrix 
which  is  r ec tang u lar ( r x p )  in  form  having  columns 
containing  the  r  absorbance  at  each  wavenumber  r 
recorded  and  the  p  rows  corresponding  to  p  different 
mixture  being  studied.  The  A  matrix  could  thus  be  400 
by  10  corresponding  to  a  measurement  range  of  400 
wavenumbers  at  one  wavenumber  resolution  for  10 
different  mixtures  or  solutions.  E  is  the  molar 
absorption  coefficient  matrix(rxn)  and  conforms  with 
the  A  matrix  for  the  wavelength  region,  but  only  has  n 
rows  corresponding  to  the  number  of  absorbing 
components.  C  is  the  concentration  matrix  (nxp)  and 
has  dimensions  of  the  number  of  components,  n,  by  the 
number  of  mixtures  or  solutions,  p,  being  studied.  Of 
course,  we  do  not  know  E  and  C  or  we  would  not  have  a 
spectroscopic  problem  since  E  and  C  contain  all  of  the 
information  required  to  interpret  A.  Factor  analysis 
can  be  used  to  generate  E  and  C  which  allows  a  complete 
analysis  of  a  series  of  mixtures  containing  the  same 
components  in  differing  amounts. 


There  are  two  basic  assumptions  in  factor 
analysis.  First,  the  individual  spectra  of  the 
components  are  not  linear  combinations  of  those  of  the 
other  components  and  secondly,  that  the  concentration 
of  one  or  more  species  cannot  be  expressed  as  a 
constant  ratio  of  another  species.  It  is  the  different 
relative  concentrations  of  the  components  in  the 
mixtures  that  provides  the  additional  information 
necessary  to  deconvolute  the  spectra. 


What  factor  analysis  allows  initially  is  a 
determination  of  the  number  of  components  n  in  the  p 
mixtures  required  to  reproduce  the  absorbance  or  data 
matrix  A.  In  factor  analysis  we  find  the  rank  of  the 
matrix  A  and  the  rank  of  A  can  be  interpreted  as  being 
equal  to  the  number  of  absorbing  components.  To  find 
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the  rank  of  A,  the  matrix  M*  ATA  i*  formed  where  Ar  i* 

•  “  iir fvr--1 ~ ra- 

dim.ncin«  8  f  being  a  square  matrix(pxp)  with  the 
rank  of  a  is  given  by  the  number  of  nonzero  eig^alJes 


5.5  Least  Squares  Quantitative  Analysis  of  Infrared  Spectra: 


d.f.^SinC!  th*  *et  of  pure  components  spectra 
determined  are  linearly  independent,  theu  mau  he 

unambiguously  fitted  by  a  least-squares  criterion  to 

IlSoriE^  Umn  °f  the  COfl,posite-  The  least-squares 
algorithm  u  derived  from  the  criterion  of  minimisation 

of  the  sum  of  squared  differences  between  the 

:: ji^rr  u  *:d  s;*  ,p*ctri  Tp* 

giSmAp.ct?.'  P  '  Iln“r  »•<•!  for 


i  =  i  *  ( i  wAAi)  a, 

»*i  )•  i  <»  i 


In  this  equation  N=number  of  data  points  in 
spectrum,  M=number  of  standard  spectra,  R  =datum  in  th 

p;^r.r it:  iv*'* 

s!mt0of  *al  XJ  »numb.i*P^o  be  determined"  Vuch  “thit^Jh! 

:■  -.3 

determining  proper  scaling  factors  for  absorbance 

SpectJi  techni*ue*  in  FTIR  If  the  pure  component 

SoSfficienI*  pr°P*rIy  scaled,  then  the  least-squares 

IZVotl  IT  ?ield  th*  COrrect  volume  fractiintt” 

coiSi!f  m!le  f r*c t i ons,  if  desired)  for  a  composite 

in?f  IL  .r-*--  0f  th0‘e  c omponents* 

Besides,  if  the  quality  of  the  least-squares  fit  within 

random  error,  then  a  statistical  error •nallsil  •!!  ZI 
performed  to  determine  confidence  intervals  for^ach 
least-squares  coefficient. 


5.6  Absorbance  Subtraction  Method: 


®n*  oP  ^be  spectral  processing 
widely  used  in  polymer  analysis 
subtracton  of  absorbance  spectra.  In 
or  emphasize  subtle  difference  between 


operations  most 
is  the  digital 
order  to  reveal 
two  samples  or  a 
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V  r,f,renc*  Spectral  subtraction 

with  FTIR  is  a  powerful  method  of  extracting  structural 
information  about  components  of  composite  spectra 
When  the  epoxy  resin  is  examined  before  and  after  a 
chemical  or  physical  treatment.  and  subtracting  the 

original  spectrum  from  the  final  spectrum,  positive 

durino*nrh*  th*  *tructures  that  are  formed 

during  the  treatment  and  negative  absorbances  reflect 
the  loss  of  structure.  The  advantage  of  FT-IR 

f!r!2C*  the  ability  to  compensate 

for  difference  in  thicknesses  of  the  two  solid  samples 
This  balance  of  thicknesses  allows  small  spectral 
difference  to  be  associated  with  structural  changes  and 
. outweighed  by  the  difference  in  the  amount  of 
sample  in  the  beams.  Additionally.  with  properly 
compensated  thickness,  the  differences  in  absorbances 
can  be  magnified  through  computer  scale  expansion  to 
reveai  small  details  of  the  spectral  differences.  The 
scaling  parameter,  k,  is  chosen  such  that: 

<A  -kA  ) =0 
1  2 


where  Ajand  A2correspond  to  the  absorbances  of  the 
internal  thickness  bands  of  samples  one  and  two 
Multiplication  of  the  absorbance  spectrum  of  sample  2 
by  k  will  yield  a  new  spectrum  having  the  same  optical 
thickness  as  sample  one.  One  may  use  the  peak 
absorbance,  integrated  peak  areas,  or  a  least-squares 
curve  fitting  method  to  calculate  the  scaling  factor  k. 

ef'ro  P!*rC*<47>  dtmon**rated  the  subtraction  method 
FTIR  to  compare  the  functional  group  stability  of 
•poxy  resins.  This  i«  based  on  the 

considerations: 


f ol lowing 


If  two  functional 
spectral  absorbance 
and  V  /the  difference 
group  can  be  expressed 


groups  x  and  y  decrease  their  IR 
at  the  c h ar a c t er i s t i c  frequency  V 
absorbance  of  each  functional 

as 
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In  ord,r  to  r*mov*  functional  group  x  from  the 
diff*r»nct  spectrum/  the  k  parameter  can  be  obtained: 

C2/Cl 


wh*r*  C  is  the  concentration  of  the  functional 
group  x.  Three  situations  can  occur  in  relation  to  the 
absorbance  of  the  functional  y: 

A  y-k  A,  b(C7 —  k^C.)  ^  0 
s  1  y  2  1  / 

where  is  the  extinction  coefficient. 


If  the  value  is  more  than  zero*  the  group  u  is 
more  stable  than  the  group  x*  if  as  stable  as(«0)  or 
less  stable  than  group  x  (<  0), respectively* under 
specific  degradations. 


5.7  Sampling  Techniques  for  FI’-IR: 


Transmission  spectroscopy.  Diffuse  Reflectance 
spectroscopy,  and  Internal-Reflection  spectroscopy  can 
be  used  to  characterize  the  epoxy  resin  in  composites 


__  rr,The  optic*  of  the  sampling  chamber  of  commercial 
FT-IR  instruments  are  the  same  as  the  traditional 
ispersive  instruments  so  the  accessories  which  are 
generally  available  commercially  can  be  used.  The  main 
difference  between  the  two  types  of  instrumental  optics 

**  ,!"4tT  th*  b**m  is  round  »nd  larger  at  the  focus  for 
FT-IR.  Thus,  some  of  the  sampling  accessories  may 
block  some  of  the  beam  energy  in  FT-IR  experiments. 
When  tnergy  is  a  limiting  factor,  the  accessories  can 
be  modified  to  accommodate  the  larger  beam.  However, 
the  improved  sensitivity  of  FT-IR  allows  one  to  obtain 
better  sensitivity  using  the  conventional  samplina 

‘,nd  th*  r*"»*  «•*»»• 


In  internal  reflection  spectroscopy  (IRS)  the 
sample  is  in  optical  contact  with  another  material(e  g 
a  prism).  The  prism  is  optically  denser  than  the 
sample,  the  incoming  light  forms  a  standing  wave 
pattern  at  the  interface  within  the  dense  prism  medium, 
whereas  in  the  rare  medium  the  amplitude  of  the 
electric  field  falls  off  exponentially  with  the 
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•  ih? *  f[0m  !h*  ph*s*  boun<1«ry.  If  the  rare  medium 

Ittanua£  /bsorP*lon'  th«  Penetrating  wave  becomes 
attenuated/  so  the  reflectance  can  be  written: 

R*l-kd, 


where  dc  is  the  effective  lager  thickness.  The 
resulting  energy  loss  in  the  reflected  wave  is  referred 
t0  **  attenuated  total  reflection  (ATR).  When  multiple 
reflections  are  used  to  increase  the  sensitivity,  the 
technique  is  often  called  multiple  internal 
ref lection(MIR).  Thus  qual itatively,  an  IRS  spectrum 
resembles  a  transmission  spectrum.  There  are  two 

*r i*ing  from  the  wavelength  dependence 
IRS.  First,  the  long  wavelength  side  of  an 
absorption  band  tends  to  be  distorted  and  second,  bands 
of  longer  wavelengths  appear  relatively  stronger.  With 
FT-IR  spectrometers,  one  does  not  achieve  the  same 

improvement  in  IRS  as  in  transmission  compared  to 
dispersion  instruments  because  th»Ae  ATR  attachments 
have  not  been  redesigned  for  the  larger,  round  beam 
However,  the  signal  averaging  capability  and  speed  have 
increased  the  utility  of  IRS  for  polymers  particularly 
for  surface  studies.  In  IRS,  the  infrared  beam 
penetrates  the  surface  of  the  composite  between  a  few 
tenths  of  a  micron  to  a  few  microns  depending  on  the 
ype  o  reflection  plate,  the  angle  of  incidence,  and 
the  wavelength  of  the  infrared  beam.  The  depth  of  beam 
penetration  can  be  reduced  by  placing  a  thin  barrier 
film  between  the  trapezoidal  reflection  plate  and  the 
epoxy  resin  under  study.  Hirschfeld  has  generated  the 
algorithms  which  are  necessary  to  use  TRS  to  determine 
the  optical  constants  of  a  sample  from  a  pair  of 
independent  reflectivity  measurements  at  each 
frequency.  The  optimum  method  appears  to  be  to 

determine  the  total  reflectance  at  two  p o lar i zat i ons  at 
the  same  incidence  angle.  Another  important  sampling 
technique  is  Diffuse  Reflectance  Measurements.  When 
light  is  directed  onto  a  sample  it  may  either  be 
transmitted  or  reflected.  Hence,  one  can  obtain  the 
spectra  by  either  transmission  or  reflection.  Since 
some  of  the  light  is  absorbed  and  the  remainder  is 
reflected,  study  of  the  diffuse  reflected  light  can  be 
used  to  measure  the  amount  absorbed.  However,  the  low 
e  ficiency  of  this  diffuse  reflectance  process  makes  it 
extremely  difficult  to  measure  and  it  was  initially 
speculated  that  infrared  diffuse  reflectance 
measurements  would  be  futile.  Initially,  an 
integrating  sphere  was  used  to  capture  all  of  the 


33 


rcfllctmci'c'il*  Save  dr,centid  im',T<>ved  diffuse 
-oasurement  S t J .*”Ji the 
instrumentation.  reflectance  spectra  using  FT-IR 


that  TIh  reil"lre,"'nt  f»r  reflectance  to  be  diffuse  is 
for  a  lolJd  n  ?  of  reflected  light  is  isotropic  bit 

coefficient  <k>  and  the  scattering  co.f f Ui.nf ”7 
f ( w«( i-r#c)  »k/l 

infinitely  tlrdS*!.^!  «'>•“«»  of  an 

*nd  the  foil  owing  ratio  is  cJltSuild*  “ar"’*r<l  11  UI*d 


Tir  ri»<s«mpl#)/r^(  standard 


) 


that  2:  .pi«:27c'io“i::t ««.«*.»«.  i. 

that  which  does  not  penetrate  the*sI7 r*dl*tion, 
•long  with  the  diffusa  raflactad  li^hf1#h-  u*  m#a*ur,d 
the  sample.  e.n.r.llg,  *2  2hJ™.  7  *««tr.t., 

reflection  with  frequency  is  small  !"?!.»  }?  ,|,,cul*r 

•trong  absorption  bands  whara  th.V.™  *  r#fllon*  of 
l««ds  rastrahlan  bands  in  tha  "omal°u*  disptrsion 

•pactrum.  Whan  tha  rastrahlan  hfnH  p*cular  ^aflaction 
absorption  bands  ran  *  hlan  bands  ara  obsarvad,  tha 

This  !pi"t  'l.ntVtllV  inv*rt,d  ‘heir  center. 

with  strong  absorptivity  very'dim^I”"**  °n 


^E7^^£i==“ 

morphology  of  tha  sampla. 


no 
change 


of f ars 
samp  la 
tha 


6,0  ASSIGNMENTS  FOR  EPOXY  RESINS 


Navi  11a.  Tha  litaratura  R#*ln*  by  Laa  and 

assigning  charac  tar  i  ,ti  c  ab.orp^oV^h. 
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group  in  small  molecules.  As  shown  in  Table  1,  the 

infrared  and  Raman  assignments  for  Epon  82B  and 
NMACNad ic  Methgl  Anhgdride)  bg  Antoon  and  Koenig<48> 
Absorption  decreases  due  to  the  reacting  species  during 
e  crosslinking  reaction  mag  be  observed  at  3008 

Cl"3****£n,d-I  to  v*  ^CHj)  of  the  epoxide  ring],  at  1858 
and  1780  cm  CVS(C--D>  and  V^C-O)  of  the  anhgdride  ring 
'  *nd  916  cm  (epoxide  ring;.  Intensitg  increases  after 
the  crosslinking  reaction  are  at  2963  cm-1  CV--(CH2  ) 
adjacent  to  the  ester  group],  at  1743  C  V(C=0)  ester], 

*^o1778  Cm  Cv(C“0)  of  the  ester].  Table  2  shows 
the  IR  spectra  of  three  epoxg  resins  after  curing  and 
before  degradation  bg  Pearce<47>.  The  3550  cnf'band  for 
the  resins  was  assigned  to  stretching  the  -OH  group 
The  absorptions  at  3060  cm'and  3036  are  due  to  C-H 
stretching  of  the  -CH-group.  C-H  stretching  of  the  -CH» 
-  group  can  be  assigned  to  2933  and  2878  cm*4  .  The 
absorption  at  1732  mag  be  assigned  to  stretching  the 
carbongl  groups  in  DGEBA  and  DOEBF.  Bands  at  about 

*nd  1578  cnTare  derived  from  quadrant  stretching 
of  the  benzene  rings. 


7.0  INFRARED  STUDIES  OF  CURING  OF  EPOXY  RESINS 


The  studies  of  curing  of  epoxg  resins  with 
infrared  spectroscopg  are  based  on  the  absorption 
intensitg  of  the  epoxg,  anhgdride  and  hgdroxgl 
functional  groups  that  appear  at  913,1858,345  cm’/, 
respectivelg.  In  other  cases  the  near-IR  spectra  of 
the  epoxg  functional  group  is  used.  Since  the  glass 
fiber  has  a  strong  absorption  in  the  mid-IR  region,  it 
is  verg  difficult  to  measure  the  IR  spectra  of  epoxg 
matrices  with  dispersive  spectrometers  for  glass 
fiber-reinforced  composites.  Perk inson<49>  developed  a 
method  of  separating  the  epoxg  resin  from  the  cured 
f iberglass-epoxg  composites.  The  method  is  based  on 
the  concept  of  differential  floatation  which  involves 
the  separation  of  two  materials  of  different  specific 
gravitg  with  a  liquid  of  intermediate  specific  gravitg. 
Infrared  spectra  of  three  differentlg  prepared 

specimens  of  the  same  lot  of  prepreg  composite  were 
compared  and  the  results  demonstrate  the  feasibilitg  of 
this  approach  for  cured  composites.  The  low 

s ignal-to-noise  resolution  limit  and  the  time  of 
scanning  the  entire  spectrum  with  a  dispersive 

instrument,  limits  the  application  of  conventional  IR 
to  the  studg  of  reaction  with  short  half  lives.  Since 
FTIR  can  solve  this  kind  of  problem  with  rapid 
scanning ( lsec ),  Buckleg  and  Roglance<7>  demonstrated 
this  technique  bg  studging  the  kinetics  of  a  stericallg 
hindered  amine-cured  epoxg  resin  sgstems.  Variation  in 
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TABLE  1(a) 


INFRARED  AND  RAMAN  BAND  ASSIGNMENTS  FOR  EPON  8?8 


IR 

RAMAN 

ASSIGNMENT 

^3500 

3210v 

v(OH) 

3151v 

3123vw 

3125v 

3098v 

3067s 

v(f-H) 

3057 

3038 

vas(CH2)  epoxy 
v($-H) 

3006 

v(f-H) 

2998sh 

2968 

2969 

VB(CH2)  epoxy 
Vas(CH3). 

2929 

2927 

Vas(0CH2)  7 
v(CH)  epoxy  ? 

2910 

^2890sh 

28?1+ 

2836 

2805w 

2871 

2833v 

v  (CHJ 

8  3 

v  (OCHJ 

8  2 

2756w 

2755v 

2710v 

•'<206 W 

♦  »  dieubstituted 

1891w 

ft 

•H766v 

It 

1608 

1607b 

v(C*C)  4 

1583 

1583 

ft 

1511s 

1510v 

t! 

ll»70sh 

lU8lw 

6(CH2)  epoxy 

IR 

RAMAN 

ASSIGNMENT 

1**57 

II462 

v(C=C)  ♦  + 

ll431v 

11429 

fi„c(CH  ) 
as  3 

6  (OCHJ? 

UlW 

l*4ll*V 

C. 

6(CH)  epoxy? 

1385  • 

1385VW 

fig ( CH^ ) gem-dimethyl 

1363 

1360W 

It 

13*47 

13*48 

fi(CH)  epoxy 

1312sh 

1310sh 

1298 

1298 

v(C-0)+v(C-C)  ? 

1261 

epoxy  ring  ? 

I25I4 

epoxy  ring  ? 

12148s 

v(4>-0) 

1230sh 

1231 

fi(4-H)  in-planc 

1185 

1187 

fi(4-H)  in-plane 

1157v 

115*4 

4 

1133 

113*4 

1120v 

1108 

1086 

11138 

1087 

6(4-H)  in- plane 

1076sh 

1036 

1055v 

lOUOw 

va(4-0-C) 

1012 

1015v 

fi(4-H)  in-plane 

971 

936v 

99 2v 

938 

6(4-H)  out-of-plane 

916 

9J17 

epoxy  ring 
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continued 


TABLE  1 (a)  continued 


IR 

RAMAN 

assignment 

*v906sh 

863 

863 

epoxy  ring 

83  6 

831 

82145 

6 ( ♦— H )  out-of-plane 
«(♦)  out-of-plane 

808sh 

809 

772 

765 

758 

737v 

737 

727v 

677sh 

667 

6514 

650 

639v 
60W 
58  6v 

575  580v 

557 

50W  1j98w 

I450  l*55v 

395  6 ( $ )  out-of-plane 

37l*sh 

350v 

31 8w 

277 sh 

2l0 

213sh 
17  5v 


6  *  strong 
v  =  weak 
▼v  *  very  veak 


sh  -  shoulder 
v  =  stretching 
6  *  deformation 
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TABLE  1(b) 


IHFRARED  AND  RAMAN  BAND  ASSIGNMENTS  FOR  NADIC  METHYL  ANHYDRIDE 


IR 

RAMAN 

ASSIGNMENT 

IR 

RAMAN 

ASSIGNMENT 

3077 

1267v 

3072w 

1256w 

305Bw 

3060 

12l*6v 

30l8sh 

v(=C-H) 

^1210 

2993 

1228s 

1230v 

v(C-O) 

2901 

2985b 

W 

1216 

291*5 

V  (CH  ) 
as  2 

119W 

292l 

v(CH)  tertiary  ? 

ll80w 

2917 

2916 

v  (CH J 
s  3 

1137v 

lll*l 

2879 

2882 

v  (CH_) 
s  2 

112liw 

1125 

2857sh 

2857 

no6v 

1107 

2828w 

1083s 

anhydride  ring 

27l*l*v 

107W 

1858s 

1859 

ve(C=0) 

1053V 

105W 

1852 

1039v 

M.820? 

183^? 

1015v 

1017v 

1780vs 

1781 

v  (C=0) 

as 

100 3w 

1006v 

17  OW 

990w 

989 

1626v 

1627s 

v(C=C) 

970v 

1576 

9^3s 

anhydride  ring 

ll*65v 

lfc65sh 

6(CH2) 

929 

93^6 

tt 

11*1*5 

ll*l*9 

4as(CH3) 

916s 

920 

ft 

1382v 

1381 

«b(ch3) 

899s 

902 

tt 

13b  5  w 

6(CH) 

868v 

87  Ov 

tt 

1326v 

1329v 

6(CH)  in-plane 

853w 

131 2w 

81*3 

81*  ta 

1299 

8l6sh 

619 

1289 

129  Ov 

798 

799v 

6 (=CH )  out-of-plane 

1277w 

786sh 

continued. . . 
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TABLE  1 (b)  continued 


IP 

RAMAN 

761*sh 

758v 

759v 

736v 

712 

717v 

696v 

673sh 

672 

61»9sh 

63 5v 

6  22 

622s 

599 

589v 

573v 

576v 

536v 

539v 

506w 

I495V 

l*98w 

U6lv 

1<65v 

Ul*7v 

l431v 

1*3W 

l»27v 

l<19w 

l<08w 

l<12sh 

376v 

36  Gw 

ASSIGNMENT 


IR  RAMAN 
330v 
2l*2v 

2iiv 

I88v 

15W 


vb  *  very  strong 
s  *  strong 
v  *  veak 
vv  •  very  veak 
sh  *  shoulder 
v  *  stretching 
6  =  deformation 


ASSIGNMENT 
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TABLE  I  (c) 

INFRARED  SPECTRAL  CHANGES  DURING  THE  CR OS SLINKING  OF  A 
STOICHIOMETRIC  NADIC  METHYL  ANHYDRIDE/EPON  628 
MIXTURE  CATALYZED  BY  2.0?  WEIGHT  BENZYLDIMETHYLAMINE 


INTENSITY  DECREASE 

V3060 

3010 


1858 

1780 


1228 


1083 


9h2 

928 

915 

898 

865 

81*2 

798 

713 


ASSIGNMENT  INTENSITY  INCREASE  ASSIGNMENT 


vag ( CH^ )  epoxy 
vb(CH2)  epoxy 


v  (OO)  anhydride 
& 

v  (C=0)  anhydride 

&5 


v(C-O)  anhydride 


anhydride  ring 


2963 

v  (CH  ) 
as  2 

•v-2901* 

v(CH ) 

2863 

V0"?’ 

171*3 

v(C=0)  ester 

ll*5l* 

6(CH2) 

1398 

«(ch2) 

1361 

1332 

1267 

v(C-0)+  (C-C) 

1178 

v(C-O)  ester 

1155 

v(C-O)  ester 

1127 

v(C-C)?  ester 

1112 

1056 

1012 

anhydride 

it 


anhydride+epoxy  ring 
anhydri de 

anhydride+epoxy  ring? 


v  =  stretching 
6  *  deformation 

“  *  Tagging 
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TABLE  II 


Tentative  Infrared  Absorption  Assignments  for  the  Three  Cured  Epoxy  Resins  and  the 

Absorption  Variations  During  Degradation 


Wavenumber 

(cm-1) 

DC  KB  A 

DC.  KPP 

nr.KHF 

Functional 

group 

Vibration 

rrv»de 

IR* 

TDh 

TO1* 

PO* 

IR 

Tl) 

TO 

PO 

IR 

TD 

TO 

PO 

3570 

X' 

X 

1  R-OH 

WO-H) 

3550 

X 

/ 

3525 

+  f 

+ 

+ 

+ 

-f 

ArOH 

W  O-HI 

O 

34:10 

+ 

-f 

| 

WO—  H 1 

ArCOH 

.TWO 

-f 

-f 

3300 

-f 

J  R-OOH 

I 

i 

O 

3200 

-f 

Ar-OOH 

r(0—  H) 

30T»H 

X 

- 

- 

- 

rtnfio 

X 

- 

- 

- 

3052 

X 

-* 

- 

- 

’  Arylene 

303H 

X 

- 

- 

- 

3034 

X 

- 

- 

- 

X 

- 

- 

_  1 

2970 

X 

- 

- 

- 

Methyl 

*<C-  H) 

2935 

X 

- 

- 

- 

2933 

X 

- 

- 

- 

) 

I 

2930 

X 

- 

- 

- 

L  Methylene 

k(C  -H) 

2880 

X 

— 

- 

— 

2876 

X 

- 

- 

- 

X 

- 

- 

-  ) 

1 

0  0 

1808 

+ 

•f 

•f 

-f 

-f 

-f 

+ 

1  1 

c 

1. 

0 

Rr — 0  -<R 

1790 

4- 

h 

0 

1784 

+ 

+ 

+ 

+ 

1 

K(C-O) 

r<  non 

1782 

X 

_ 

1 

1  r-r. 

Iwictone 

i.ir  o» 

continued 


TABLE  II  (continued) 


4^ 

N> 


1765  X  4  + 

17  51 

1745  4  4 

17T2  X  4  4 

1725 

1715  X  4  4 

1665  4  4 

1610  X 

1578  X 

1510  X 

1505 

1480  4  4 

1465 

1448 

1440 

1425  4  4 


4  4 

X 

+ 

4 

4  4  4 

4X444 

4  4  4  4 

X 

-  X  -  -  - 

-  X  -  -  - 

4  4  4 

X 

4  4 

4 


1412 


X 


X 


!'(('  O) 


4 


4 


4 

4 


4 


4 


4 


4 


4 


4 


RCHO 

u 

? 

Rnm 

Phcnoxy 

l'hcnvlene 


Phenylene 


Quadrant 

stretching 


Semicircle 

stretching 


/ 


continued 


TABLE  II  (continued) 


Wavenumber  _ _ DGEBA_ _  DORPP 

Fern"1)  IR*  THb  T(Y  PO<*  |R  Tl>  TO 


1288 

1280 


ro 


+ 


1280 

1280 

1255 

1245 

1202 

4s  1184 

u> 

1180 

M70 

1120 

10% 

1080 

10.15 

1015 

1010 

%5 

910 

925 

H'Ji) 

885 


+ 

4 

X 

X 

X 

X  -  - 

X 


4 

4 

X 

4 

X 

4  4 

X 

X 

X 

X 

X 

X 

X 

4 


4 

4 

4 


4 


DOKRF 


PO 


Functional 

ffroup 


Vihration 

mf>de 


TD  TO 


Lactone 

e(0— O— C) 

Ester 

c(C — O  -C) 

or 

or 

acid 

WC-0) 

4 

4 

viC-  -Ol 

4 

4 

<^~0H 

c(C— O) 

- 

- 

- 

Ar-O-  R 

mc  o—c> 

4 

Ar  OH 

Ar— l  — Ar 

MC-- 0-0 

< 

1 

T 

< 

MC— C 

1 

*(C-C) 

c 

> 

1 

? 

> 

4 

4 

4 

1 

(* 

viV  -C) 

- 

- 

- 

Aliphatic 

iMC  d 

— 

_  i 

chain 

_ 

_ 

►  Aliphatic 

e(C  -0  -C) 

- 

- 

i 

ether 

] 

Lactone 

MC-0  -O 

4 

*  ) 

iVronidf 

i»tO  O) 

continued 


TABLE  II  -  (continued) 


4* 

4* 


H40 

HIM)  X 

H25 
H22 
77,T 
754 
716 
740 
7:m 
725 
715 
602 
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•  JR:  Original  1R  spectrum  of  epoxy  resin. 
h  f  I):  Thermal  degradation. 

r  TO:  Thermooxidative  degradation. 
d  PO:  Photooxidative  degradation;  stretching. 

*  X:  Absorption  present  in  the  original  spectrum. 

1  4*:  Absorbance  increase  during  degradnt  ion. 

■  -  Absorbance  decrease  during  degradation. 

h:  The  ahsorption  formed  possibly  by  decreasing  peak,  1782  cm"'  and  increasing  peak.  1784  cm-' 


p-Phenylene 


fn  phase, 
not  >of- plane 
hydrogen 
wagging 
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o-Phenylene  ► 


o-Phenvlene 


fn-phase, 

out-of-plane 

hydrogen 

wagging 

Out-of-plane 

sextant 

ring 

bending 


epoxide  absorbance  caused  bg  differences  in  specimen 
thickness  can  be  eliminated  bg  normalizing  the  epoxide 
peak  height  to  an  internal  reference  peak  which  appears 
at  1510  cnf'due  to  the  phengl  groups. 


f  _  A915,t  A1510,0 


l9ir 


1510, t  A 


915,  0 


fraction  unreacted  epoxide  at  time 


A  r  specimen  absorbance  at  915  cm 
9 15  ,  t 

A,^,„  r  specimen  absorbance  at  1510  cm 
1510, t  r 

A  ^initial  absorbance  at  915  cm 

7  ID  I  u 


-i 


-i 


Aisio  gS initial  absorbance  at  1510  cm 


-1 


t 

due  to  epoxide  at  time 
at  time  t 


t 


Dannenberg (50)  used  near  IR  to  studg  the  curing 
reaction  of  epoxg  resins*  and  demonstrated  the 
advantages  of  this  technique  which  is  verg  sensitive 
due  to  the  fact  that  epoxide  group  has  a  strong 
overtone  absorption  frequencg  in  the  near  IR  region. 
Several  stud i es ( 48-50* 7.  8 )  have  been  reported  on  the 
epoxg  curing  process  bg  FTIR.  Appropriate  programs  for 
data  processing  are  available  and  easily  modified  to 
ang  specific  reaction  needs.  These  techniques  have 
been  found  verg  helpful  to  interpret  the  complicated 
crosslinking  reaction  of  epoxg  resins.  Sprouse* 
Halpin*  Sacher(54>  used  FTIR  spectroscopg  to  measure 
the  extent  of  cure  in  f iber-reinf orced-epoxg  composites 
bg  two  different  techniques.  The  two  sampling 
techniques  are  :(1)  thin  films  of  neat  resin  held 
between  salt  plates  and  <2>  internal  reflectance 
spectroscopg.  Thin  films  were  cured  in  the  same 
program  as  used  in  the  corresponding  composite 
fabrication.  IR  spectra  were  recorded  at  short  time 
intervals  throughout  the  cure  cgcle.  Internal 
reflectance  measurements  were  performed  on  the 
corresponding  composites  and  results  were  compared  with 
thin  film  measurements.  Antoon  and  Koenig(55) 
demonstrated  the  utilitg  of  FT-IR  difference  spectra 
for  investigating  the  composition  of  neat  epoxg  resin, 
hardener.  and  catalgst  as  well  as  the  composition  and 
degree  of  crosslinking  of  the  cured  matrices.  Improved 
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precision  is  achieved  by 
curve-fitting  program  for  the 
composition  of  the  uncured 
mixtures. 


using  a  least— squares 
determination  of  the 
and  cured  epoxy  matrices 


8-0  QUALITY  CONTROL  OF  EPOXY  MATRICES  IN 
FIBER — REINFORCED  COMPOSITES 


Fiber  reinforced  composite  structure  have  gained  a 
significant  position  as  materials  of  construction  for 
the  aerospace  industry  and  transportation  industry  It 
thus  follows  that  large  expenditures  of  funds  and  human 
lives  are  dependent  on  the  reliability  of  these 
products.  An  important  step  in  gaining  confidence  in  a 
product  is  knowing  that  the  starting  prepreg  has  the 
same  chemical  formulation,  and  each  lot  of  material  has 
been  processed  in  the  same  manner. 


Antoon  and  Koenig(S6)  developed  a  general  and 
convenient  method  for  determining  simultaneously  the 
initial  resin  composition  and  the  extent  of 
crosslinking  of  epoxy  matrices.  This  technique  can  be 
used  as  a  quality  control  method  to  determine  that  the 
starting  grepreg  has  the  same  chemical  formulations  and 
that  each  lot  has  been  processed  in  the  same  manner. 

Figure  9  shows  the  results  of  the  factor  analysis 
°  cro**lmked  «poxy /anhydride  resins  in  the  2000-1400 
cm  1  region.  The  plot  of  logei genvalue  in  descending 
order  reveals  a  break  in  the  eigenvalue  magnitude 
ween  the  third  and  fourth  eigenvalue.  As  indicated 
y  Antoon  and  Koenig,  the  number  of  these  larger 

sust.I*  U*Tk1S  !qU-1  t0  th*  numb#r  components  in  the 
-  th*  ‘Pectrum  of  th.  crosslink. d 

epoxy  matrix  may  be  approximated  by  a  linear 

combination  of  only  three  linearly  independent 

component  sp.ctra.  The  three  spectra  chosen  to 

*-  P  th*  components  were  that  of  pure  NMA,  pure 

Epon  828,  and  a  difference  spectrum  characterictic  of 
the  crosslinking  reaction.  The  difference  spectrum  was 
calculated  by  subtracting  the  spectrum  of  a 

^1^71°T*trlC0rtoi*tur#  of  NMA  *nd  EP0N  828  crosslinked 
for  37  min  at  80  C  from  the  spectrum  of  the  same 

reactant  mixture  crosslinked  for  83  minutes  at  80°C. 
The  procedure  is  illustrated  in  Figure  10.  Figure  11 
shows  the  absorbance  spectra  employed  for  the  analysis 
of  the  crosslinked  epoxy  matrix.  A  boxcar  function  is 
included  as  a  fourth  component  in  the  least-squares 
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Figure  9.  Fuetor  analysis  nferustlmked  ejnrxyiunhifdridi  resin  in 
tin  2000- 1 400 (  in~ 1  rrgitm.  Tertiary  atnitn  -*  utalyzi  d  reaetio u.v 


Figure  10.  CetieraUtui  of  different  r  speetrum  ehurui'leristii  of  HO'C 
e rosslinkinutf  Unit  hionielrn  miitun  ofS\1.\'LP()Sb2b  Top 
i  mutinied 63  min.  Middh  .  <  rosslmk*  d  37  mru  Bottom,  differ- 
erne  ±pet  truni  (tt>p  tu  tuu\  Itottotn ) 
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Figure  11.  Sprrtral  t'ompanmt s  in  a  crt»*\liiikr(t  i  poxijfavhtfdridt 
I 1  fiolif  \irr •  matrix  fill'  d  uith  S-uluss  From  tap  EPOS  h2* 
rpoxif  n  siit .  tmdn  mrilnjl  aiilnjdruit .  <  rawlinkm u  (itfjrmu « 
rfrum  .fr<>m  Fi jj  2i  S-nlass.  and  bax<  ar  fum  lion. 
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analysis  of  the  resin  in  order  to  prevent  errors  in  the 
background  level  from  affecting  the  accuracy  of  the 
least-squares  coefficients.  The  spectrum  of  S-glass, 
•  Iso  shown  in  Figure  11.  is  included  as  a%ifth 
component  in  the  least-squares  curve-fit  analysis  for 
S-glass  reiforced  composites.  After  performing  the 
least  square  curve  fitting,  the  quality  of  the  fit 
between  the  experimental  resin  spectrum  and  the 
least-squares  fitted  spectrum  is  illustrated  in  Figure 
12»  the  least  square  coefficient  corresponding  to  the 
difference  spectrum  is  a  measure  of  the  extent  of 
crosslinking,  and  the  coefficients  corresponding  to  the 
pure  NMA  and  pure  epoxy  are  a  measure  of  the  amount  of 
reactants. 


Figure  13  shows  the  factor  analysis  of  glass 
fiber-reinforced  epoxy  composite.  Since  there  is  no 
obvious  separation  between  the  nonzero  and  error 
eigenvalues,  it  is  an  arbitrary  decision  to  determine 
the  number  of  components  that  contribute  to  the 
composite  spectrum.  Antoon  and  Koenig  attribute  this 
problem  to  systematic  errors  in  the  spectra  themselves. 
Figure  14  shows  a  least-square  curve  fitting  of  five 
component  spectra  to  the  spectrum  of  a  composite.  As 
can  be  seen,  the  fitted  curve  and  the  experimental 
result  coincide  sat i sf ac tor i 1 y .  The  results  for 
nonreinforced  matrices  consistig  of  stoichiometric 
mixtures  of  epoxy  and  ahydride  crosslinked  to  various 
extents  are  given  in  Table  3.  The  weight  percent 
compositions  are  derived  from  the  least-squares 
coefficients  after  scaling  the  EPON  828  and  NMA 
spectra.  The  actual  weight  percent  compositions  are 
from  weighing.  As  indicated  by  the  calculated  standard 
errors,  the  accuracy  is  generally  within  2  percent  and 
most  notably  the  accuracy  is  retained  even  at  very  high 
extents  of  crosslinking.  Table  4  shows  the 
least-squares  analysis  of  S-glass  reinforced 
crosslinked  epoxy  matrix. 


The  1  east-squares  analysis  of  epoxy  matrix  yields 
reproducible  information  with  an  accuracy  limited  by 
several  spectroscopic  problems.  A  source  of  error 

comes  from  sample  preparation  limitations.  The  wedge 
effect  occurs  from  nonuniformity  in  the  infrared 
path  length  through  the  sample,  that  result  in  the 
from  Beer  law  and  causes  a  weakening  of  the 
stronger  absorption  bands  in  highly-absorbing 
materials.  Another  source  of  inaccuracy  is  due  to  the 
change  in  the  spectra  of  NMA  and  EPON  828  when  the 
molecules  are  in  electronic  environments  that  differ 
from  that  of  pure  liquids.  Finally,  since  the 
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Figure  12.  Least-squares  fit  of  llir  spectra  EPOS’  828  and  Nadir 
methyl  anhydride,  tlic  crosslinking  difference  spri  t  rum  and  the 
boxcar  function  to  the  spectrum  of  a  partially  crosslinked  poly¬ 
ester  matrix.  Solid  line:  experimental  matrix  spectrum  and  dot¬ 
ted  line :  fitted  spectrum 
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Figure  13.  Factor  analysis  of  the  spectra  of  cm. •.linked  polyester 
composites  in  the  1550-850  cm"  region 
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FigUre  14.  Least-squares  fit  of  five  component  spectra  (from  Fig.  3) 

to  the  spectrum  of  a  composite  in  the  1550-850  cm~'  region. 
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T*ble  3  L#M,-SqU,rM  cm  '  of  Mixtur*.  (0.5%  wt  BDMA  C.taly.t, 


Uncurtd 

Least-square*  calculation  (%) 

Composition 
by  weighing 

Extent  crosslinked 
from  l(1660)/l(1608) 

EPON  B28 

51.99  -  1.89  (wt%) 

50.77 

NMA 

48  01  r  0  96  (w1%) 

49.23 

Extent  crosslinked 

-1.65  r  1.37 

0.0 

30  min  <a  90C 

EPON  B28 

52  06  r  1  97 

50  77 

NMA 

47  94  z  1.00 

49.23 

Extent  crosslinked 

5.97  z  1.42 

6.6 

60  min  fo  90  C 

EPON  828 

NMA 

51.62  z  2.11 

48.38  r  1  07 

50.77 

49.23 

Extent  crosslinked 

1242  r  1.51 

13.2 

90  Mm  *»»  90  C 

EPON  828 

51  58  z  2.24 

50  77 

NMA 

48.42  z  1.14 

49  23 

Extent  crosslinked 

18  47  z  1.60 

188 

120  min  f t  90  C 

EPON  828 

NMA 

51  11  z  2.31 

48  89  z  1.17 

50  77 

49.23 

Extent  crosslinked 

28  14  z  1.64 

31.0 

6  hr  <fi  90  C 

EPON  828 

NMA 

51  99  z  1.89 

46  01  z  0  96 

50  77 

49  23 

Extent  crosslinked 

65  35  z  1.36 

70.2 

Toble  4lea«t-Squarea  Analyala  of  S-Glaaa  Reinforced  Croaalinfced  Epoxy  Matrix 


Region 

2000-1400  cm-'  1650-850  cm' ' 

Tomp.,  timt  of  curing 

E(pr*dtet*d) 

R 

E 

R  E 

BOX  70  min 

BOX,  90  min 

BOX.  110  min 
acre.  130  min 

B0°C.  180  min 

160X,  30  min 

31.1 

39.3 

47.5 

556 

63.7 

635 

1.2 

1.1 

1.1 

1.0 

1.0 

1.0 

51 

59 

57 

62 

70 

82 

093  54 

0  88  55 

0.90  59 

0.92  62 

0.96  67 

0.93  80 
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refract i  ve  indices  of  KBr ,  crosslinked  resin,  and 
S-g lass  spectrum  are  sub s tant ia 1 1 y  different, 
significant  nonlinearity  in  spectra  occurs  by  the 
scattering  of  the  infrared  beams.  Although  there 
exists  some  spectroscopic  problem,  Antoon  and 
Koen i g ( 56 )  suggest  some  methods  of  improvement. 
Statistical  methods  of  determining  the  number  of 
components  present  may  be  helpful.  Multiple  difference 
spectra,  each  representing  the  crosslinking  at  each 
stage,  can  improve  the  sensitivity  of  least  square 
meth  od  s. 


9.0  INFRARED  STUDIES  OF  DEGRADATION  OF  EPOXY  RESIN 

Another  important  application  of  infrared  spectroscopy 
in  characteri zation  of  cured  epoxy  composites  is  to 
determine  the  effect  of  in-service  exposure  conditions 
< degradation,  hydrolysis,  weathering,  aging)  on 
composites.  The  surface  of  a  glass  fiber-reinforced 
epoxy  composite  is  degraded  rapidly  upon  outdoor 
exposure  unless  it  is  protected  by  a  UV-absorbers  or  a 
paint.  The  degradation  phenomena  are  difficult  to 
study  due  to  the  uncertainty  in  epoxy  resins 
composition  and  the  intractible  nature  of  the  cured 
composite  that  prevent  the  use  of  conventional 
techniques  of  polymer  analysis.  Although  DSC  can  be 
used  to  evaluate  the  thermal  stability  of  epoxy 
composites,  it  only  gives  an  estimate  of  thermal 
stability  and  can  not  provide  enough  information  to 
interpret  the  degradation  process.  Several  techniques, 
such  as  gas  chromatography,  chemical  analysis,  mass 
spectroscopy,  have  been  developed  to  study  the 
degradation  phenomena.  These  methods  are  based  on  the 
analysis  of  the  degradation  products  related  to  the 
original  polymer.  However,  these  methods  are 
complicated,  since  the  degradation  of  material  at  high 
temperature  may  cause  rearrang ement  of  the  degradation 
fragments,  or  other  reactions.  Therefore,  degradation 
product  analysis  may  lead  to  a  false  degradation 
mechani sm.  On  the  other  hand,  FTIR  can  eliminate  these 
problem.  George,  Sacher,  and  Sprouse(57)  investigated 
the  photo-protection  of  the  surface  resin  of  a  glass 
fiber-reinforced  composite  with  FTIR  using  a 
single-pass  internal  reflectance  attachment  for  the 
surface  study.  As  shown  in  Figure  15,  the  IR  spectrum 
shows  a  strong  ester  carbonyl  band  at  1735  cm-1  which 
is  used  as  an  index  of  photo-oxidation  under  exposure 
to  the  sunlamp.  This  band  can  be  used  to  measure  the 
p h o to— o x i da t i on  rates  of  different  epoxy  resins  as 
shown  in  Figure  15.  The  1009  resin  is  a  mixture  of 
novolac  epoxy  and  bisphenol  A  epoxy. 
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Figure  15.  la)  1RS-IR  spectrum  of  unexpofied  1009-26  compile surface and  transmission  1R  of  surface 
washings  from  composite  surface  exposed  4000  hr  to  sunlamp,  (b)  Transmission  IR  of  air-cured 
1009  resin  film  before  and  after  55  hr  of  exposure  lo  sunlamp. 
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Figur*  16  showed  the  oxidation  rates  for  different 
•Poxy  resins.  The  observed  oxidation  rate  for  the 

P  y  Th#  high  photo-ox xdation  rate  of  the  cured 
•poxy  novolac  is  related  to  the  cure  process  itself. 

The  uncured  resin  showed  negligible  absorption  of 

!■ D!;:rtr*!I*tlon  <Fi!ur* 17K  **  c  for 

foiled  lnt»n*«  absorbing  chromophore  is 

rhromJnh  Ifx  th*4.  CUr*  i%  c*rri*d  out  under  vacuum, 
chromophore  formation  can  be  minimized.  It  was  found 

h  ™l\Vu  *hP0Xy  5h0W*  th*  chromophore  formation 
which  justify  the  reason  why  the  photo-oxidation  rate 

of  the  novolac  epoxy  is  higher.  On  the  other  hand  from 
e  c  anges  in  the  IR  spectrum  during  cure.  it  was 

absorot  *  t^^t  there  occurs  a  strong  carbonyl  group 
absorption  that  i,  due  to  oxidation.  and  this 

Th er ef or a"  til*'  "!!  °CCUr  if  th*  Cure  is  under  v«cuum. 
Therefore,  the  weathering  stability  of  an  epoxy  resin 

can  be  affected  by  the  conditions  of  cure. 

Pearce  used  the  subtraction  of  absorbance  spectra 

^sin  P?r*  functional  flroup  stability  o/epoxy 

Fl»ur*  18  ,how*  the  IR  spectra  and  different 
spectra  of  cured  DCEBA,  before  and  after  thermal 

hlve^d10"  TS*  ab,orption  band*  of  the  cured  resin 
«neared*Cr?a‘ed.  ln  intensitY  *"d  new  band,  have 
fSn^Io  ,  und»n*tand  the  relative  stability  of  the 
for  nelSJ1  .®roups  ln  the  resin,  as  shown  in  Figure  19, 
chanoill subtracted  spectra  were  obtained  by 
changing  the  It  parameter.  After  the  band  at  830  cm-1 
(p-ph.nyien.)  is  c.nc .1 ,d ( a83C >  it  show,  that  the 
12S76  !nC*  absorbance  A|P.52a3034 A2970A2935  and 
A|3?6chang.  from  negative  to  pSo,it!v.'  s  TfC.,9.  chanj^ 

»«»►  ».  no. 

%  Sroups  and  may  rearrange  to  a  more 
stable  form  of  substituted  benzene  species.  After 
canceling  the  -Ch^group  absorption,  the  C-H  stretching 
oroun  *«h 1  **  di**PP««r  while  those  of  the  -ChJ 

inHi^.^h0U,  If9!*1**  dlffeTenc*  absorbances.  The  result 
th  at  *  that  the  “CH  flroup  has  similar  stability  to 
I*  ri"?  and  hi9her  stability  than  the  -CH- 
**p,atln8  thi*  "•thod.  Pearce  established  th. 

group  ^  totIl°ha  flr°UP  stabilit«  •*  total  methyl 
Sthe^o  °tal,ben—  flroup. >  m»thylene>.  P-phenylene> 

I^lusii  *?r  >  •  150propylid»"»-  B«*»d  on  FTIR 
!*11’  lt  ls  Proposed  that  initially  the 

me  th  u  1 P  ^  n  1  d#n*  9]]0up  degrades,  releasing  the  first 
^ r 0 u p  and  retaining  the  second  methyl  group 

o-llL  ?  *  latt#r  5taflas  of  degradation*  Th' 
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Figure 


Figure  17.  Chants  in  the  UV 

^r,#^  f**r  iht  tinier  khi»wn. 


aWrptinn  sparlru.n  of  l.V„m  Him  of  1009  resindurinK  rurc  in  air  .1 
H>e  rrporled  aolar  *i*ctrum  in  this  ration  is  also  shown. 
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Figure  1 8 . 1R  and  difference  spectra  of  cured  DGEBA  before  and  after  thermal  degradation  at  300°C 
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ox idative, thermal,  and  photodegradations  were  found  to 

for  th  !h*  *uJooxid*tiv*  degradation  processes 

°d  Jydroc«^ons.  The  Wieland  rearrangement 

and  Norrish  type  reactions,  as  well  as  other  possible 
oxidation  dtgradat ion  mtchanitm,  were  alto  suggested. 


.  8n  **?*  other  hand,  Antoon  and  Koenig  utilized  FTIR 

J1^-,irr*V*rSibl*  ch*mic«l  effects  of  moisture 
an  anhydride-cured  epoxy  resin(58).  Exposure  of  a 

rlulU  VD0*?  fJlm  t0  80  C  liquid  w*ter  environment 
caused  a  hydrolysis  of  the  unreacted  anhydride 

groupsCapproximately  9X  of  the  initial  anhydrides)  to 
Thls  dominant  during  the  early  stages 

of  moisture  exposure,  is  illustrated  in  Figure  20.  The 
ecrease  in  anhydride  concetration  is  indicated  by 
Fi^rl^X  of  vibration,  at  1860,  1080  cm"' 

o  th.  V  *ff#ct  ofe  long-term  exposure 

short  J.r' *a*P!*W.  film  t0  80  C  li{luid  »«ter.  The 
short-term  effect  is  hydrolysis  and  leaching  of 

unreacted  NMA  molecules;  th.  longer-term  effect  r Jim 

out  matrix  hydrolysis  and  may  be  due  to  subtle 

structurai  change,  such  as  perfection  of  the  H  bonding 
of  polar  groups.  * 


The  effects  of  stress  on  moisture  stability  is 
shown  in  Figure  21.  The  intensity  decrease  at  1744  cm-1 

3500*SIn/  } III  of_5*t#r  9 r ° u p ;  intensity  increases  at 
3500  and  1720  cm  may  be  assigned  to  th.  formation  of 

alcohol  groups  and  carbonyl  groups,  respectively.  Such 
a  hydrolysis  reaction,  though  very  slow,  is  expected  to 

A1"  initiating  irreversible  matrix 
degradation.  As  shown  by  Antoon  and  Koenig,  the 
.gradation  effect  is  slightly  more  rapid  when  the 
•poxy  resin  is  under  stress.  In  Figure  22  the  relative 
°f  th*  *ster  carbonyl  peak  at  1744  cmH  is 
plotted  versus  exposure  time  in  pH  11.9  wat.r(80  C)  for 
•poxy  films  with  a  range  of  applied  tensile  stress 
ievels.  High  stress  dramatically  increases  the 
hydrolysis  rate. 


10.0  RAMAN  SPECTROSCOPY 


®ince  the  advent  of  laser,  Raman  Spectroscopy  has 
become  an  important  analytical  tool  in  polymer 
research.  Raman  scattering  occurs  for  those 
vibrationai  motions,  which  produce  a  polarization  or 
distortion  of  the  electron  charge  of  the  chemical 
bonds.  Thus  the  stretching  motion  of  a  homonuclear 
diatomic  molecule  is  active  in  the  Raman  effect  the 
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mi 
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FlgUre  ,n2R°nor  H S ‘TCe,  SPeT  Sh0W,nR  the  proRression  of  spertral  changes  occurring  in  epoxv  resin 
m  80  C  distilled  water.  Same  sample  as  in  Figure  1  (A)  4  4  days  minus  zero  davs  exposure.  (B) 

.15  davs  minus  12  days  (C)  50  days  minus  85  davs.  (D)  224  days  minus  98  days. 


59 


TIME  (DAYS) 

Figur e  22  •  Relative  ester  content  ( 1744  cm"1  intensity)  versus  time  for  epoxy  resins  under  varying 
tensile  loads  Environment  is  pH  11.9  water  at  80°C.  Stress  (dvn/cm2  X  ](T8):  (O)  0.0;  (• )  1.9; 
(A)  2.6;  U)  4.0;  (0)5.4. 
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two  type*  Of  spectroscopy,  they  should  both  be  used 
whoever  possible.  since  Raman  spectroscopy  enhances 

n^nhi  iV*?***  °f  IR  f0r  *olvin8  chemical  structure 

problems  and  vice  versa. 

rifhjinc;kth'  R*m™  i*  a  light  scattering 

than  a  light  transmission  process/  the 
transparency,  *ize,  and  shape  of  the  samples  are 
relatively  unimportant.  Thus,  one  can  run  large 

extremely  small  sample  samples  with 
ease  in  the  Raman.  Filled  polymer, 
present  difficulty  for  IR  investigations, 
fillers  such  as  glass/clay,  and  silica  are 
strong  IR  absorbers  that  block  the  IR  spectrum  of  the 
polymer.  These  particulate  f i 1 1 ers ( g lass, s i 1 i ca )  are 
poor  Raman  scatters,  ,0  the  Raman  spectrum  of  the 
polymer  i*  obtainable  without  removal  of  the  filler. 

...  °?ly  *  ,f*w  of  reports  have  appeared  in  the 
literature,  Lu  and  Koenig<59)  used  the  Raman 
spectroscopy  to  study  the  curing  of  epoxy  resins 
Strong  Raman  lines  which  are  charac ter istic  of  epoxy 

indtP*nd*"t  of  the  state  of  cure  are  found  at 
64°,  823,  Hi4,  USB,  i232,  and  1608  cm_1<  uhich  #re  due  tQ 

7AS  rop9??!!1  A  *k*1*ton-  Th*  «Po*y  group  has  lines  at 
768,809,1156  cm-1,  which  are  sensitive  to  the  degree  of 
crosslinking.  " 


samples  or 
c  omparat ive 
composites, 
since  the 
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DIELECTRIC  ANALYSIS 


...  d * *  1 *c i c  *nel y s i s  is  based  on  measuring  the 
ability  of  the  dipole  in  a  system  to  align  with  an 
oscillating  electric  field.  In  aligning  the  dipoles,  a 
certain  amount  of  energy  is  utilized.  By  subjecting  an 
epoxy  system  to  the  oscillating  field,  information 
about  the  viscous  and  elastic  properties  can  be 
obtained  through  the  following  relationships: 

E*Ec*xp  iwt 
D*D0exp  (  iwt.+  2T.  ) 

where  E  is  the  amplitude  of  the  electric  field  and 
D  is  th*  displacement.  Furthermore,  we  have 

D.  *E.  X.  F.  where  E.  is  the  complex  dielectric 
constant  and  is  equivalent  to  (E^-iE^,  the  real  and 
imaginary  components. 
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The  ratio  E.  /E=tan0  is  called  the  loss  factor  and 
i*  related  to  the  well  known  re lat i onsh i p s  for 
viscoelastic  materials.  The  dielectric  spectrometer  is 
capable  of  giving  a  direct  measurement  of  the 
dissipation  or  loss  factor  for  epoxy  resin  when 
subjecting  to  an  alternating  electric  field.  Hence, 
changes  in  the  flow  characteristics  are  discernible  by 
this  method.  The  degrees  of  freedom  of  the  dipoles  are 
indicative  of  the  viscous  properties  of  a  material  A 
typical  dielectric  analysis  is  shown  in  Figure  23, 
where  capacitance,  dissipation  factor,  and  temperature 
are  plotted  as  a  function  of  time. 

The  dissipation  factor  curve  is  related  to  the  curing 
of  the  epoxy  matrix.  The  lefthand  peak  of  the  curve 
corresponds  to  the  softening  and  flow  of  the  resin 
system.  The  righthand  peak  is  associated  with  the 
setting  of  the  matrix.  The  portion  between  the  peaks 
shows  low  dissipation  since  the  epoxy  resin  displays  a 
less  viscous  behavior.  This  is  the  region  where 
process  changes  such  as  the  application  of  pressure  for 
consolidation  of  the  laminates  are  performed. 

Examples  of  the  use  of  d i e lec trometry  in  the  study 
of  composites  have  been  reported  in  the  literature. 
Sanjana  and  Rosenb latt (60)  demonstrate  the  feasibility 
of  using  dielectric  analysis  as  a  means  of  monitoring 
and  controlling  cure  of  epoxy  composites  in  autoclave 
molding.  The  mechanical  properties  are  correlated  with 
the  variables  on  the  dissipation  factor  profiles. 

Another  method  related  to  dielectric  changes  when 
an  epoxy  cures  is  an  electric  monitoring  techni que ( 61 ) 
based  on  the  charge-flow  transistor,  which  resembles  a 
conventoinal  metal -ox i de-semi  conduct or-f i el d-ef fee  t 
transistor,  but  with  a  portion  of  the  metal  gate 
replaced  by  the  epoxy  resin  under  study.  The  dramatic 
change  in  the  shape  of  the  electrical  signal  during 
cure  can  be  related  to  corresponding  changes  in  both 
the  real  and  imaginary  parts  of  the  dielectric  constant 
and  can  be  used  for  monitoring  curing.  A  typical 
signal  output  is  shown  in  Figure  24. 


The  instrumentation  in  dielectric  analysis  is 
simple,  and  since  the  peaks  in  the  curve  which  result 
from  relaxation  phenomena,  associated  with  softening 
and  gelation  of  epoxy  resin  are  frequency 
dependent, these  peaks  do  not  define  the  point  in  time 
when  softening  or  gelation  occur.  Therefore,  it  should 
b«  careful  to  interpret  the  dielectric  analysis. 


62 


Figure  23  •  Dielectric  analysis  of 350*1'  epoxy  prepreg. 


Vg 


6mm  6  mm  7  mm  8  mm 
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*  9mm  10mm  It  mm  12  mm  Orm 

Figure  24.  CFT  drain  current  waveforms  (Id  during  cure  of  a 
commercial  5-minute  c/wxy  at  room  temperature  (3). 
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12.0  CONCLUSION 


Se vera 1  methods  ere  reviewed  in  this  paper  for 
characterizing  the  epoxy  matrix  in  glass 
fiber-reinforced  composites.  TBA  and  dielectric 
analysis  yield  the  rheological  changes  during  curing 
that  are  useful  in  composite  processing.  DSC  gives  the 
extent  of  cure  on  the  assumption  that  the  extent  of 
cure  is  proportional  to  the  heat  of  reaction  but  this 
assumption  is  invalid  for  complicated  cr oss 1  in h ing 
reaction.  IR  spectroscopy  is  very  useful  in  studying 
the  mechanism  of  cure  and  extent  of  cure  FTIR  is  an 
ideal  tool  for  investigating  the  degradation  behavior 
of  composites,  and  control  the  quality  of  epoxy 
mftriueS  ln  f ib«r~reinf orced  composites.  A  combination 
2*!*  techniques  will  become  a  powerful  method  in 
the  study  of  composites. 
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diamine,  4,13 

degradation,  3,15,27,32,35,53,55,58,64 
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diluents,  2 

dissipation  factor,  62 
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